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Abstract 

Title of Dissertation: 

 

“Pathogenetic Influences of Human Herpesvirus 8 (HHV-8) in Prostate Cancer 
Progression” 

 

Justin Garner Mygatt, Doctor of Philosophy, 2012 

 

Thesis Directed by: 

 Johnan A. Kaleeba, Ph.D. 

 Assistant Professor, Department of Microbiology and Immunology 

 

The mechanisms that give rise to androgen-independent prostate cancer (AIPC) 

are incompletely understood, resulting in a lack of treatment options for this fatal form of 

the disease.  It is believed that most cases of AIPC are the result of constitutive activation 

of the androgen receptor (AR) pathway, leading us to hypothesize that chronic, prostatic 

infection could promote cancer progression as a result of pathogen virulence factors 

activating cell signaling pathways known to induce AR signaling.  We found that human 

herpesvirus-8 (HHV-8) infection of androgen-sensitive LNCaP cells promotes AI cell 

proliferation.  Contrary to our initial hypothesis, we found that, despite enhanced AI cell 

proliferation, HHV-8-infected LNCaP (LNCaPv219) cells have decreased expression of 

both AR and AR-regulated genes such as prostate-specific antigen (PSA), implying that 

the phenotype induced by HHV-8 occurs concomitantly with decreased AR signaling.  It 

is known that HHV-8 maintains latency by epigenetically suppressing lytic gene 

expression though histone methyltransferase activity by the Polycomb group protein 
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EZH2, which coincidentally has been shown to be up-regulated in advanced, metastatic 

prostate cancer tissues.  We found that increased EZH2 expression in LNCaPv219 cells 

results in epigenetic silencing of two tumor-suppressing proteins, microseminoprotein-β 

(MSMB) and DAB2-interacting protein (DAB2IP).  Additionally, we found that 

LNCaPv219 cells have adopted a pro-mesenchymal phenotype, evidenced by increased 

expression of mesenchymal markers (N-cadherin and vimentin) and decreased expression 

of the epithelial marker E-cadherin.  Collectively, these results suggest that HHV-8 

infection promotes an AI phenotype that mimics the EZH2-mediated transcriptional 

profile of poorly differentiated prostate tumors.  
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Chapter 1 

Introduction 

The Prostate Gland and the Androgen Receptor 
 

The male accessory sex organs include the seminal vesicles, the bulbourethral 

gland and the prostate gland.  Completely encircling the urethra, the prostate is located at 

the base of the bladder.  As an exocrine gland, the prostate’s primary function is the 

production of prostatic secretions, which make up a majority of the total volume of the 

seminal fluid (1).  The prostate is composed of a fibromuscular stroma that surrounds 

glandular lumens formed by an epithelium, which itself is made up of a bilayer of luminal 

secretory cells and an underlying basal cell layer.  The luminal cells express prostate-

specific antigen (PSA), prostatic acid phosphatase (ACPP) and microseminoprotein-β 

(MSMB), the three most common proteins in the prostatic fluid (2), which also contains 

potassium, citric acid, zinc, amino acids and prostaglandins, all of which contribute to the 

motility and viability of the sperm (1).  While basal cells generate the basal membrane, it 

is also thought that there are stem cells located within the basal cell layer that are capable 

of replenishing the secretory cell population (3,4).  Lastly, neuroendocrine (NE) cells, the 

least common cellular constituent of the prostate, are a population of terminally 

differentiated, non-proliferating cells that possess dendritic outgrowths and express 

neuroendocrine peptides, such as chromogranin A and neuron-specific enolase (5-7).  

The exact role for NE cells in the prostate is not completely understood, but they most 

likely regulate growth in a paracrine manner through the release of NE peptides (6).   
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The male sex hormones, which as a group are referred to as androgens, are essential for 

both prostatic development and function and regulate prostate biology by binding to the 

androgen receptor (AR) (8,9). The testes are the primary source of testosterone in the 

male.  Testosterone within the prostate is converted by the enzyme 5α-reductase to the 

more potent 5α-dihydrotestosterone (DHT).  In conditions such as 5α-reductase 

deficiency, in which DHT is not biosynthesized, or androgen-insensitivity syndrome, a 

condition where AR mutations prevent ligand binding, the prostate fails to develop (10, 

11).  Located on chromosome Xq11-12 (12), AR encodes a ligand-induced transcription 

factor that belongs to the steroid hormone gene family. In utero, DHT and testosterone 

are responsible for driving male development of the fetus.  During puberty, DHT and 

testosterone cause secondary sexual characteristics and thereafter are necessary for 

fertility and overall male reproductive function (13).  Androgens elicit these effects 

through the AR and AR-regulated gene expression.  The AR protein is transcribed from 

eight exons that encode four distinct functional domains (14; Figure 1 Panel A).  Exon 1 

encodes the N-terminal domain (NTD), which regulates transcriptional activity. The 

DNA-binding domain (DBD) is encoded by exons 2 and 3 and contains two zinc fingers 

that recognize specific DNA sequences referred to as androgen response elements (ARE).  

A hinge domain encoding a nuclear localization signal connects the DBD with the ligand-

binding domain (LBD), which is encoded by exons 4-8 (rev in 13, 14).  In the absence of 

ligand, the AR (Figure 1 Panel B) is bound in a complex to heat-shock proteins and kept 

in an inactive state in the cytoplasm.  Following DHT binding to AR protein, 

conformational changes in the receptor result in release of the heat-shock proteins.  
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Figure 1. Genomic organization of the gene encoding the androgen receptor 

(AR) and the AR signaling in prostate epithelial cells. Panel A:  The transcribed and 

processed AR mRNA contains 8 exons, which, following translation, make up specific 

domains of the AR protein. This figure is adapted from (13, 14).  Panel B: Inactive AR is 

bound by heat-shock proteins (HSP) that dissociate following androgen binding.  

Activated receptors dimerize and translocate to the nucleus.  The AR binds specific 

androgen response elements (ARE) and regulates the transcription of AR-dependent 

genes. The figure is adapted from (9, 16).   
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Hormone-bound, activated receptors form homodimers that then translocate to the 

nucleus, bind AREs and initiate transcription of AR-regulated genes (15, rev in 16). 

Prostate Cancer: Epidemiology and Risk Factors 
 

In the United States, approximately one man out of every six will be diagnosed 

with prostate cancer in his lifetime (17).  Excluding malignancies of the skin, prostate 

cancer remains the most commonly diagnosed neoplasm in men in the United States.  For 

example, in addition to the 217,000 cases diagnosed in 2010, it was estimated that over 

32,000 men in the U.S. died from prostate cancer.  Only cancers of the lungs and 

bronchus caused more cancer-related deaths (18).  On a global scale, prostate cancer is 

the second most frequently diagnosed malignancy, with the highest incidence rates 

occurring in North America, Western Europe, Australia and New Zealand, where cancer 

screening is commonly performed (19).  The exact cause(s) behind prostate cancer 

development and progression remain incompletely understood; however, increasing age, 

family history and race, namely African descent, are well-established risk factors for 

developing the disease (20).  

Prostate cancer is the prototypical malignancy of aging.  Fewer than 10% of cases 

are identified in men younger than 55 years old, whereas 30.7% and 35.3%, or two-thirds 

of prostate cancer diagnoses, are made in men in the 55-64 and 65-74 age groups, 

respectively (17).  Another risk factor for prostate cancer is family history.  Studies have 

shown that a positive family history for prostate cancer in a first-degree relative increases 

an individual’s risk twofold, and this risk grows larger as the number of affected relatives 

increases (21).  The last clearly defined risk factor for prostate cancer is race.  In the 

United States, African-American men have the highest incidence of prostate cancer (18), 



6 
 

 

and African-Americans, in comparison to white men in the U.S., are more commonly 

diagnosed with more aggressive cancer and have higher age-adjusted mortality rates (22). 

The reason for this disease disparity is unknown, but genetics, metabolism, diet, lifestyle 

and health care accessibility have all been hypothesized to play a role (23). 

Numerous studies have attempted to identify specific genes and genetic 

alterations that have direct, causal roles in prostate cancer development.  Although 

polymorphisms in several genes, including RNASEL (24), HPC2/ELAC2 (25) and MSR1 

(26) to name a few, have been reported to confer a higher risk for prostate cancer 

development, the gene fusion between the TMPRSS2 promoter and the coding region for 

the ERG gene (TMPRSS2-ERG) is the most prevalent and best supported genetic 

alteration that occurs in prostate cancer (27, 28).  The pathological significance of the 

TMPRSS2-ERG gene fusion will be discussed in detail in Chapter 5.  Another potential 

causal factor that has been examined in regards to prostate cancer risk is diet, and 

numerous epidemiological studies have examined the effect of diet on prostate cancer 

development and disease progression. It has been suggested that tomatoes, cruciferous 

vegetables, vitamin E, selenium and carotenoids may provide protective benefits, 

whereas diets heavy in dairy products, red meat, saturated fats and grilled meats may 

increase one’s risk of prostate cancer and/or aggressive cancer (rev in 29).  Related to 

personal diet, it has been speculated that obesity is another modifiable risk factor that 

contributes to prostate cancer risk, but studies examining the role obesity plays have been 

inconclusive (30).   

Disease Course and Clinical Symptoms 
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The evolution of benign prostate tissue to prostatic adenocarcinoma and 

eventually to metastatic disease is summarized in Figure 2.  A precursor lesion to 

prostatic adenocarcinoma is high-grade prostatic intraepithelial neoplasia (HGPIN), a 

term used to designate proliferating, atypical epithelial cells found in benign prostatic 

tissue (31, 32).  HGPIN is cytologically similar to prostate cancer, and the two conditions 

have numerous molecular and genetic markers in common (32).  Invasive prostate cancer 

begins when the basal cell layer is breached, and malignant cells enter the stroma.  While 

the natural history of prostate cancer is incompletely understood, it is generally 

considered to be an indolent disease that can remain localized within the prostate and 

may be clinically insignificant for years, even decades.  Nonetheless, prostate cancer is 

also a heterogeneous malignancy, and some tumors can be aggressive, a fact that 

complicates clinical management of prostate cancer (33, 34).   

The silent nature of prostate cancer is best understood by the startling fact that in 

the first half of the twentieth century over 90% of men with prostate cancer presented 

with metastatic disease (35).  Fortunately, today in the United States, most cases of 

prostate cancer are diagnosed from biopsy specimens obtained following an abnormal 

digital rectal exam and PSA test while the tumor is still localized (36).  Localized prostate 

cancer, referring to tumors that remain confined within the prostate gland, is most often 

asymptomatic.  When symptoms do occur, they present late in the disease course and 

represent cancers that have spread beyond the prostatic capsule and invade neighboring 

organs (37).  If the tumor grows superiorly into the urethra or neck of the bladder, a 

patient may present with a collection of symptoms referred to as “prostatism,” which 

includes polyuria (increase in urinary frequency), dysuria (difficulty urinating) and slow  
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Figure 2. Disease course for adenocarcinoma of the prostate.  This schematic shows 

the disease progression of prostate cancer from benign tissue through metastatic and 

androgen-independent disease.  The approximate time between stages of disease 

progression are also depicted.  
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urinary stream.  It should be noted that these symptoms are not specific to prostate cancer 

and are also seen in benign prostatic hyperplasia (37). Other more infrequent symptoms 

include hematuria (blood in the urine), hematospermia (blood in the semen), caused by 

tumor spread into the ejaculatory ducts, and impotence, due to invasion of neurovascular 

structures (37).  

Metastasis occurs when prostate cancer cells penetrate the lymphatic and/or the 

vascular systems, an event associated more commonly with higher grade and larger 

volume tumors (38, 39).  Berges et al. calculated that the doubling time for localized 

prostate cancer cells is approximately 475 days but only 33 days for metastatic cells in 

the lymph nodes (40), a finding that illustrates the aggressive nature of metastatic prostate 

carcinoma cells and the need to find biomarkers to identify aggressive tumors early in the 

disease course. The pelvic lymph nodes, the pelvis and the bones of the axial skeleton are 

the most common sites for prostate cancer metastasis (36).  Sometimes metastatic spread 

to bone results in the first symptoms of prostate cancer (37) and can result in significant 

pain, fractures and compression of the spinal cord (41).  Metastatic prostate cancer 

confers a poor prognosis, with mean survival times of three to five years (42, 43).   

Clinical Management of Localized Prostate Cancer 
 

Treatment options for localized prostate cancer include active surveillance, radical 

prostatectomy or radiation therapy.  To help guide clinical management, pathological 

staging and histological grading of prostate tumor tissue obtained by biopsy is conducted.  

Prostate cancer staging utilizes the TNM system, which assesses the primary tumor (T), 

whether lymph nodes (N) are involved and whether metastases (M) are present (44). 

Developed by Dr. Donald Gleason in the 1960’s, the Gleason score, which grades tumors 
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based on the degree of glandular differentiation and architecture, is the most widely used 

grading system for prostate cancer and is a very powerful determinant of prognosis for 

prostate cancer (45), as demonstrated by studies that show how Gleason tumor grading 

correlates with aggressiveness and survival (46, 47).  For an individual with prostate 

cancer, the treatment strategy takes into account the TNM classification (tumor stage), 

the Gleason score (tumor grade) and the age and health of the patient, with the goal being 

to concurrently minimize both the risk of treatment side effects and the possibility of 

future advanced disease (34, 44).  

Studies assessing the watchful waiting approach for men with localized, low-

grade prostate cancer have shown a 10-year survival rate around 90%.  In the United 

States, watchful waiting is employed for men with low-grade, low-stage cancer and a life 

expectancy less than a decade (34, 44, 46).  In contrast, for younger men with a longer 

life expectancy and with localized, low-grade prostatic carcinoma, curative intent is 

recommended, and radical prostatectomy has become the primary intervention of choice 

(34, 48).  Potential complications following surgery include incontinence and impotence, 

the risk of which can be lessened with nerve-sparing approaches (49), but cancer 

eradication and long-term survival rates are excellent (48, 50-52).  Radiation therapy is 

generally used for localized tumors in cases when the patient is older and less healthy and 

involves external beam radiotherapy or brachytherapy, a procedure in which radioactive 

seeds are implanted in cancerous tissue (48).  Following primary intervention, patients 

are monitored by PSA testing for disease recurrence.  Studies have shown that on average 

approximately one in three men will have PSA/biochemical recurrence within ten years 
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of primary intervention (43, 50-52).  Following detection of recurrence, Pound et al. have 

reported that the median time to the development of metastatic disease is eight years (43).  

Androgen Deprivation Therapy for Advanced and Metastatic Disease 
 

While primary interventions such as radical prostatectomy are the mainstay for 

treating localized prostate cancers, cases involving advanced and metastatic disease 

present different challenges.  The objective for treating prostate cancer that has extended 

beyond the prostatic capsule involves controlling further tumor progression in order to 

increase a patient’s survival and maintain quality of life.  How best to achieve these goals 

for patients with locally advanced prostate cancer is controversial, and numerous 

strategies involving surgery or radiation with or without hormonal therapy have been 

utilized (53).  For the patient with biochemical recurrence or with metastatic disease, 

hormonal therapy, also known as androgen deprivation therapy (ADT), is the foundation 

for any treatment regimen (48).  

In 1941, Huggins and Hodges demonstrated that patients with metastatic prostate 

cancer following bilateral orchiectomy (surgical removal of the testes) or estrogen 

treatment experienced alleviation of cancer-related symptoms (54).  This work, which 

exposed prostate cancer dependence on androgens, won the researchers a Nobel Prize and 

engendered the concept of ADT for advanced and metastatic prostate cancer (55).  

Subsequently, randomized trials conducted in order to compare orchiectomy with oral 

estrogen treatments for treating metastatic prostate cancer revealed that oral estrogen 

therapy, while as effective as orchiectomy, resulted in significant, increased risk for 

cardiovascular and thromboembolic events (55).  Fortunately, research on the 
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hypothalamic-pituitary-gonadal (HPG) axis and the discovery and characterization of the 

AR enabled the development of other pharmacological interventions for ADT.   

The hypothalamus synthesizes and releases luteinizing hormone (LH)-releasing 

hormone (LHRH), which signals the pituitary to produce LH.  In Leydig cells in the 

testes, LH signaling induces testosterone synthesis.  Current pharmacological androgen 

ablation interventions are designed to disrupt the HPG axis (Figure 3).  Andrew Schally 

elucidated the structure of LHRH and using synthesized LHRH agonists discovered that 

persistent LHRH signaling paradoxically inhibited LH release.  By giving LHRH 

agonists to men with advanced prostate cancer, Schally’s group demonstrated that LHRH 

agonists strongly reduced serum testosterone and significantly relieved bone pain caused 

by metastatic disease.  LHRH agonists, including leuprolide, goserelin and nafarelin, 

have since been developed and are used for ADT (56-58).  Although LHRH inhibitors are 

for patients psychologically more palatable than bilateral orchiectomy, both treatment 

strategies have similar, unpleasant side effect profiles, including menopausal symptoms, 

such as hot flashes, sweating, weight gain, loss of libido and osteoporosis (59).   

Another approach to ADT resulted from determination of the structure and 

function of the AR, which enabled screening for compounds that can directly bind to and 

block AR signaling.  Cyproterone, a steroid compound, was the first anti-androgen, but it 

was soon discovered that the drug binds AR both in the prostate and in the hypothalamus 

and pituitary, thereby inhibiting the negative feedback mechanism and ultimately leading 

to LH release and increased testosterone levels (55).  To circumvent this problem and to 

reduce discomforting, sexual side effects caused by surgical or medical castration, drug 

companies developed non-steroidal anti-androgens, including flutamide and  
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Figure 3. The hypothalamic-pituitary-gonadal endocrine axis and points of clinical 

intervention in androgen deprivation therapy.  This schematic shows the 

hypothalamic-pituitary-gonadal axis specific for the biosynthesis of testosterone and 

includes the prostate, an androgen-regulated organ.  Also depicted are the negative 

feedback loop that regulates male sex hormone synthesis and the intra-prostatic 

conversion of testosterone to the more potent androgen, DHT, which induces AR 

transcriptional activity. This figure is adapted from (55).  
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bicalutamide, but randomized trials have demonstrated that these drugs are not as 

effective as castration or LHRH inhibitors (60).  Clinical trials have also been performed 

to assess the effectiveness of combining treatments, for example using a LHRH agonist 

with a non-steroidal anti-androgen, but meta-analyses have shown that such an approach 

confers only modest to no benefit versus therapy with a single drug (61, 62).  Overall, 

approximately 80% of men with advanced prostate cancer will respond positively to 

hormonal treatment.  Nevertheless, ADT, while palliative, is not curative and 

approximately 12-22 months after initiating therapy, patients with metastatic prostate 

cancer will experience disease progression despite androgen ablation.  At this point the 

cancer is considered hormone-refractory or androgen-independent, and the prognosis is 

dismal, with survival measured in months (9, 42, 48).   

Pathogenesis of Androgen-Independent Prostate Cancer (AIPC) 
 

As previously mentioned above, despite improvements in detecting and treating 

prostate cancer, approximately 30% of men will experience biochemical recurrence 

within a decade of primary treatment.  Time to biochemical recurrence following primary 

intervention, the rate at which the PSA value rises (measured as PSA-doubling time) and 

tumor Gleason score have all been shown to correlate with time to metastatic disease, 

which fortunately can take years to develop (43).  Unfortunately, however, ADT cannot 

cure metastatic disease, and AIPC, the lethal form of prostate cancer, invariably develops.  

It is accepted that in a majority of cases AIPC is the result of constitutive activation of the 

AR-signaling pathway despite androgen ablation (rev in 16, 63).  There is a dearth of 

effective treatments for AIPC, but research efforts have identified several pathogenic 
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mechanisms that enable AR-signaling even when androgens are not available to tumor 

cells, findings that could facilitate the development of new treatment options.   

Maintenance of intratumoral androgens.  Despite the effectiveness of ADT in 

radically reducing serum testosterone levels, it has been shown that androgens are still 

detectable within prostate tumors, and it has been demonstrated that even though DHT 

levels within tumor tissue can be significantly reduced, the remaining hormone is still 

adequate to activate AR signaling (64).  One possible source for intratumoral androgens 

in AIPC tumors is up-regulated expression of enzymes involved in steroidogenesis.  

Indeed, Montgomery et al. showed that androgen-independent and metastatic tumors 

compared to localized prostate tumors had increased expression of genes such as 

CYP17A1 and AKR1C3, which are capable of biosynthesizing testosterone from 

cholesterol precursors, thus allowing AR signaling to continue unabated despite 

pharmacological blockade of normal testosterone and DHT production (65).  To combat 

this route of androgen biosynthesis, abiraterone acetate, an irreversible CYP17 inhibitor, 

has been developed and has shown promising antitumor activity in approximately three-

quarters of patients with advanced, androgen-independent disease (66).   

Increased AR expression.  A second mechanism believed to maintain AR-

signaling in androgen deprived conditions is increased AR expression, which occurs as 

an adaptation to low levels of androgens.  In animal models, increased AR expression is 

sufficient for the development of AIPC, as the increased levels of receptor allow the 

tumor cells to adapt to decreased levels of ligand (67).  Only a minority, approximately 

25%, of androgen-independent tumors have AR gene amplification (68, 69), but it has 

been demonstrated that increased AR protein expression occurs commonly in androgen-
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independent tumors (70).  Furthermore, in addition to enabling androgen-independent 

growth, increased AR expression levels in androgen-independent tumor samples have 

been shown to be predictive of increased risk for biochemical recurrence and future 

disease progression (71, 72).  

AR Mutations. Numerous AR mutations have been identified (Androgen Receptor 

Gene Mutations Database www.mcgill.ca/androgendb/).  Although quite rare in primary 

tumors, the prevalence of AR mutations increases with disease stage, which suggests that 

AR mutations enable or predispose for disease progression (73).  Mutations in the LBD 

have been shown to increase sensitivity for androgens, allow binding and activation by 

other hormones, and even allow anti-androgens to serve as receptor agonists (rev in 9, 

14).   

Ligand-Independent AR Activation.  Research has shown that growth factors, such 

as insulin-like growth-factor-1 (IGF-1), keratinocyte growth factor (KGF), and epidermal 

growth factor (EGF), activate the AR and induce AR transcriptional activity (74).  

Subsequent studies demonstrated that cellular signal transduction pathways and 

transcription factors are responsible for ligand-independent AR activation.  Protein 

kinases, such as the mitogen-activated protein kinase (MAPK) and AKT, drive signaling 

pathways that are involved in cellular functions such as cell-cycle progression, anti-

apoptotic/survival signals and cellular proliferation.  Deregulated, constitutive activity of 

the MAPK and AKT pathways has been documented in numerous malignancies (75, 76), 

and in prostate cancer, both the MAPK and the AKT pathways both independently and in 

tandem have been shown to promote tumor cell proliferation (77-79).  Activation of 

MAPK in particular has been shown to directly promote AR signaling (80, 81), and the 
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degree of MAPK activation within tumor specimens has been shown to correlate directly 

with the stage of the tumor, Gleason score and risk of disease progression (82, 83).     

Downstream of both MAPK and AKT, the transcription factor nuclear factor-κB 

(NF-κB), which regulates the transcription of genes involved in inflammation, cell 

proliferation, apoptosis and cell migration, is constitutively active in numerous cancer 

types (rev in 84).   In addition to being implicated in ligand-independent AR activation 

and inducing expression of AR-regulated genes (85, 86), NF-κB activation, in studies 

utilizing immunohistochemistry, is found more commonly in prostate cancer lymph node 

metastases than in localized tumors.  In fact, NF-κB activation status in conjunction with 

Gleason scoring accurately identifies patients at high risk for disease progression (87, 

88).  Interestingly, NF-κB regulates the expression of interleukin-6 (IL-6), a pleiotropic, 

pro-inflammatory cytokine that can also function as a growth factor for prostate cancer 

and prostate cancer cell lines (89, 90).  Clinically, serum IL-6 levels correlate with tumor 

burden, metastasis (91) and AIPC (92).  IL-6 activates signal transducers and activators 

of transcription 3 (STAT3), another transcription factor involved in ligand-independent 

AR activation (81).  Like NF-κB, the level of STAT3 activation in tumor samples has 

been shown to correlate with higher grade tumors, and STAT3 is active in three-quarters 

of lymph node metastases and two-thirds of bone metastases, respectively (93, 94).   

Prostate Infections: Potential Drivers of Prostate Cancer Progression? 
 

It is widely accepted that constitutive activation of cell signal transduction 

pathways can result in ligand-independent AR activation, prostate cancer progression and 

the development of AIPC.  Host cell signaling pathways are also commonly targeted by 

microbial and viral pathogenic mechanisms.  Two well-studied oncogenic pathogens, 
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Helicobacter pylori and Hepatitis C virus, which are linked to the development of gastric 

adenocarcinoma and hepatocellular carcinoma, respectively, both express an array of 

virulence factors and peptides that interact with and subvert multiple host signaling 

cascades and transcription factors that when deregulated lead to malignant transformation 

(rev in 95, 96).  Gram-negative bacteria, such as uropathogenic Escherichia coli, the most 

common infection of the prostate (97), express on their outer membrane 

lipopolysaccharide (LPS), a virulence factor recognized by Toll-like receptor 4 (TLR4) 

on the host cellular surface.  Binding of LPS by TLR4 results in activation of several 

signal transduction pathways, including MAPK, and activates transcription factors, such 

as NF-κB (rev in 98).  These examples illustrate the capacity for infections to negatively 

affect normal cellular function and in extreme cases drive cellular transformation and 

cancer progression.    

Human herpesvirus 8 (HHV-8) 

Besides bacterial infections, some human viruses have been found in the prostate, 

including human herpesvirus-8 (HHV-8) (99, 100).  In regard to this work, it is important 

to note that an association between HHV-8 and prostate cancer has not been established.  

HHV-8 belongs to the same gammaherpesvirus subfamily as Epstein-Barr virus, and is 

the etiological agent for the most common AIDS-related malignancy, Kaposi’s sarcoma 

(KS), a tumor of endothelial and lymphatic origin (101), and several other 

lymphoproliferative disorders, such as body-cavity based lymphoma (102). The HHV-8 

episome (Figure 4) is between 165-170 kilobases in size (103) and encodes 87 open 

reading frames and over a dozen microRNAs (104).  Similar to other herpesviruses, 

HHV-8 establishes persistent infection by constructing a circular, double-stranded DNA 
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Figure 4. The HHV-8 episome. HHV-8 encodes 87 open reading frames and over a 

dozen miRNAs. KS330 is a viral genetic sequence from a gene encoding the minor 

capsid protein and is used clinically to identify the presence of the virus.  Latent genes 

(green) include LANA, which tethers the viral episome to the host genome (107, 108), 

and oncogenic genes such as vFLIP.  Lytic genes (red), such as vGPCR and vIL-6, also 

possess transformative properties and are known to activate multiple host cell signaling 

molecules, including MAPK, AKT and STAT3 (116-118, 120, 121).  The replication and 

transcriptional activator (RTA) initiates the viral lytic cycle (159) and induces the 

expression of lytic genes such as K8.1, which encodes a viral envelope glycoprotein 

(160).  Each vertical mark along the scale denotes one kilo-basepair.  This figure is 

adapted from (103).   
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episome that binds to the host genome (105) and has distinct transcriptional programs 

that dictate latent and lytic viral cycles.  The identification of both latent and lytic HHV-8 

transcripts within the prostate by in situ hybridization (106) indicates that the virus is able 

to establish persistent, latent infections and can also enter the lytic phase and replicate 

within this target organ, an important finding, because both latent and lytic viral proteins 

target host cell signaling proteins and contribute to HHV-8-related pathology.  For 

example, the latently expressed latency-associated nuclear antigen (LANA) is best known 

for tethering the viral episome to the host genome (107, 108), but LANA also has been 

shown to affect cell proliferation and apoptosis pathways by interfering with two of the 

most critical tumor suppressor genes, p53 and Rb (109, 110).  Another latent viral 

transcript is the viral FADD-like interferon converting enzyme inhibitory protein 

(vFLIP).  vFLIP is known to activate the NF-κB pathway (111, 112) and induces the 

expression of numerous pro-inflammatory cytokines, such as IL-6 (113, 114), that both 

contribute to KS pathogenesis, and,  in the context of prostate cancer, have been shown to 

serve as cancer cell growth factors (89, 90).  In support of this notion, Montgomery and 

co-workers found that HHV-8 infection in the prostate does indeed induce localized 

inflammation (115).  Despite not being ubiquitously expressed by HHV-8 infected cells, 

some HHV-8 lytic proteins have been described to possess pro-oncogenic characteristics. 

The viral G protein-couple receptor (vGPCR) is a lytic protein that promotes cellular 

proliferation by simultaneously activating several signal transduction pathways, including 

MAPK, AKT and the transcription factor NF-κB (116-118).  A second lytic protein, viral 

IL-6 (vIL-6) is a structural and functional homolog to cellular IL-6 (119) and through 

activation of the STAT3 pathway also contributes to cellular growth (120, 121).   
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Statement of Problem 
 

Prostate cancer is exceedingly common, yet compared to other malignancies 

mortality is modest, due to the indolent clinical course observed in most cases and 

improved diagnostics and treatment.  Death from prostate cancer is exclusively the result 

of metastatic, castration resistant disease.   The most significant clinical problem for the 

patient with localized prostate cancer is the inability to distinguish indolent, low-risk 

tumors from aggressive tumors with potential for future disease progression.  At the 

present time, the Gleason grading system, tumor stage and PSA collectively provide the 

best assessment of prognosis.  As such, identification of biomarkers and risk factors that 

increase an individual’s risk of developing advanced, metastatic, androgen-independent 

disease would vastly improve the clinical management of prostate cancer.   

Since host cell signaling pathways are commonly targeted by microbial and viral 

pathogenic mechanisms, we hypothesized that infectious agents could serve as model 

systems to explore the cellular processes and pathobiology of prostate cancer progression.  

We asked whether a pathogen within the prostate tumor microenvironment could induce 

cellular conditions that are conducive to the development of an androgen-independent 

growth state analogous to the phenotype commonly seen in advanced disease.  Using in 

vitro and in vivo prostate infection models, other groups have shown that 

Propionibacterium acnes and Escherichia coli infections of benign prostate cells induce 

significant changes in cell proliferation rates (122-124).  However, to our knowledge, no 

studies have assessed how a chronic infection of malignant but otherwise androgen-

sensitive prostate cells would affect disease course.    Therefore, the goal of this study 

was to establish androgen-sensitive LNCaP cells that are persistently infected with HHV-
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8, a herpesvirus that has been detected in the prostate (106, 115, 125).  Using HHV-8 to 

study how an infection affects prostate cancer progression is a novel concept with 

potential implications for biomarker discovery due to the fact that this virus encodes for 

several proteins that activate pathways believed to be intrinsic both to prostate 

oncogenesis and the development of castration resistance.   

Hypothesis 
 

We hypothesize that prostatic infection with HHV-8 is a risk factor for prostate 

cancer progression and for the development of an androgen-independent phenotype.  

Furthermore, we predict that an HHV-8 infection within the prostate tumor 

microenvironment could modulate cell signaling pathways and alter gene expression 

patterns that promote cancer progression through activation of the AR signaling pathway, 

thereby promoting an androgen-independent phenotype.  Two specific aims were 

developed to test this hypothesis. 

Specific Aim #1:  Demonstrate that prostate cancer cell lines are permissive to 

infection with HHV-8 and examine the impact of viral infection on markers for prostate 

cancer progression. 

Specific Aim #2: Examine the impact of HHV-8 infection on prostate cancer 

gene expression, focusing on the expression of genes that have been shown to correlate 

with cancer progression.
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Chapter 2 

Materials and Methods 

Cell Lines. Table 1 provides an overview and characteristics of the cell lines used 

in this project. The transformed prostate epithelial cell line, RWPE2-W99 (RWPE2; 126), 

and the prostate cancer cell lines LNCaP, DU145 and PC3 were obtained from the 

American Type Culture Collection (Manassas, VA).  RWPE2 cells were maintained in K-

SFM (Invitrogen, Carlsbad, CA), supplemented with bovine pituitary extract (0.05 

mg/ml; Invitrogen) and human recombinant epidermal growth factor (5 ng/ml; 

Invitrogen).  LNCaP and PC3 cells were cultured in RPMI-1640 (Invitrogen) 

supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT). 

DU145 cells were cultured in E-MEM (Quality Biological, Gaithersburg, MD) with 10% 

FBS.  Infected cell lines were maintained in the appropriate medium with puromycin (1.0 

µg/ml; Calbiochem, EMD Chemicals, Inc., Gibbstown, NJ).  All cells were incubated at 

37°C in 5% CO2.  Androgen deprivation experiments used RPMI-1640 supplemented 

with 10% charcoal-stripped FBS (CS-FBS; Invitrogen).  BCBL-1, a body cavity-based 

lymphoma cell line that is persistently infected with KSHV, was provided by Michael 

McGrath and Don Ganem, from the National Institutes of Health AIDS Research and 

Reference Reagent Program (Division of AIDS, NIAID, NIH, Bethesda, MD) and was 

cultured in RPMI-1640 supplemented with 10% FBS.  

 

Virus and Infections.  All infections were established with rKSHV.219, a 

recombinant HHV-8 virus encoding both the green fluorescent protein (GFP) under the 
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Table 1. Cell lines used in this project. 

  

Cell Line Source AR/Androgen
Sensitivity

RWPE2-W99 Prostate, normal epithelium transformed 
with Ki-ras

AR+/Grow in serum-free media

LNCaP Prostatic adenocarcinoma,
supraclavicular lymph node metastasis

AR+/Androgen-sensitive

DU145 Prostatic adenocarcinoma, brain
metastasis

AR-/Androgen-insensitive

PC3 Prostatic adenocarcinoma, androgen-
independent bone metastasis

AR-/Androgen-insensitive
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control of the constitutively active human elongation factor 1-α promoter and red 

fluorescent protein (RFP) driven strictly by the HHV-8 lytic polyadenylated nuclear RNA 

promoter.   rKSHV.219 also carries a gene for puromycin resistance, which allows for 

selection and the maintainence of the viral episome in infected cells (127).  Viral 

inoculums were made by reactivating rKSHV.219-infected Vero cells with 1.5 mM of 

valproic acid (Sigma-Aldrich, St. Louis, MO) and monitoring for the expression of RFP. 

Four to five days later, cells and supernatants were harvested and collected by 

centrifugation at 2500 rpm for 10 minutes at 4°C. Supernatant with free KSHV particles 

was kept on ice. The cell pellet was resuspended in 3 mL of Opti-mem (Invitrogen) and 

frozen and thawed three times to release cell-associated virus.  The lysate was then 

centrifuged at 2500 rpm for 10 minutes at 4°C to remove cellular debris and combined 

with the original culture supernatant, sterile-filtered through a 0.45 µm membrane filter 

and stored at -80°C. Cells to be infected were seeded in 6 well plates in the appropriate 

growth medium.  When the cultures were around 60-70% confluent, media was removed 

and 1 mL of the rKSHV.219 inoculum was added to each well.  Three hours later, an 

additional 1 mL of growth media was added, and the cells and inoculums were incubated 

for 24 hours at 37°C. Cell cultures were monitored for GFP expression.  When GFP was 

observed, 0.5 µg/ml puromycin was added to the cell cultures to begin selection.  For all 

experiments involving LNCaP and LNCaPv219 cells, only cells of a low (< 20) passage 

number were used.  

 

Microscopy.  Images were captured using an AxioCam MRm digital camera 

(Carl Zeiss North America), attached to a Zeiss Axio Observer A.1 inverted fluorescent 



29 
 

 

microscope (Carl Zeiss). Image analysis and pseudo-coloring was performed with the 

AxioVision Release 4.6 software.  

 

DNA Isolation and Polymerase Chain Reaction (PCR).  DNA was isolated 

from infected and uninfected cell lines using the DNeasy Blood and Tissue DNA 

Extraction Kit (Qiagen, Germantown, MD).  PCR was performed with the Platinum PCR 

SuperMix High Fidelity system (Invitrogen).  PCR products were run on a 1.5% agarose 

gel with ethidium bromide and visualized with UV transillumination. Primer sequences 

used were: KS330-F: 5’ AGC CGA AAG GAT TCC AAA TTG TGC 3’ KS330-R: 5’ 

CCG TGT TGT CTA CGT CCA GAC GAT A 3’ GAPDH-F: 5’ GAA GGT GAA GGT 

CGG AGT CA 3’ GAPDH-R: 5’ TTC ACA CCC ATG ACG AAC AT 3’. 

 

Immunofluoresence Assays.  2.5 x 105 cells were seeded per well in eight-well 

chamber slides (Lab-Tek Chamber Slide System, Nunc, Rochester, NY) and were 

incubated at 37ºC for 48 hours.  Cells were fixed with 2% paraformaldehyde (Electron 

Microscopy Sciences, Fort Washington, PA) in PBS for 30 minutes and then 

permeabilized in 2% paraformaldehyde and 0.1% Triton X-100 (Calbiochem, La Jolla, 

CA) in PBS for an additional 30 minutes.  Following fixation and permeabilization, the 

cells were washed once with PBS and incubated in blocking buffer (2% FBS in PBS) for 

one hour at 37ºC.  Blocking buffer was then removed, rat anti-LANA primary antibody 

LN35 (Abcam, Cambridge, MA) in fresh blocking buffer was applied and the cells were 

incubated overnight at 37ºC.  The next morning cells were washed five times with PBS 

and then incubated with fluorescently-labeled anti-rat Alexa Fluor-647® secondary 
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antibody (Invitrogen) for one hour at 37ºC.  Secondary antibody was removed and the 

cells were washed again five times with PBS.   Finally, coverslips were mounted onto the 

slides using Vectashield Mounting Medium for Fluorescence with DAPI (Vector 

Laboratories, Burlingame, CA).  Cells were visualized using fluorescence microscopy. 

 

RNA Isolation and Semi-Quantitative Reverse Transcription PCR (sqRT-

PCR).  RNA was isolated using the GenCatch Total RNA Miniprep Kit (Epoch Biolabs, 

Sugar Land, TX).  Genomic DNA contamination was eliminated by treating the RNA 

samples with 2U DNase for 30 minutes at 37°C (TURBO DNA-free, Ambion, Austin, 

TX).  sqRT-PCR was performed using the SuperScript One-Step kit (Invitrogen), which 

combines reverse transcription and thermal cycling into one reaction.  Following the 45 

minute reverse transcription run at 55°C and 2 minute initial denaturation at 94°C, the 

samples were ran at 94°C for 30 seconds, 55°C for 30 seconds and 68°C for 60 seconds 

for 35 cycles, followed by a final extension at 68°C for seven minutes.  sqRT-PCR 

products were run on a 1.5% agarose gel with ethidium bromide and visualized with UV 

transillumination.  Primer sequences were: RTA-F: 5’ GGG AGT TGC CTG TAA TGT 

CAG C 3’ RTA-R: 5’ CCT CTC TTT GCT TCT CTG CTT TCG 3’  K8.1-F: 5’ CGT 

GGA TCC CTC CTA ATC CTA TGC TTT GTC TGG T 3’ K8.1-R: 5’ TGC GGA ATT 

CAT GGG TCC GTA TTT CTG CAT TGT AGT GCG 3’ GAPDH-F: 5’ GAA GGT 

GAA GGT CGG AGT CA 3’ GAPDH-R: 5’ TTC ACA CCC ATG ACG AAC AT 3’ 

 

Immunoblotting.  Whole cell extracts were made using a high salt extraction 

buffer (courtesy of Dr Mary Lou Cutler, USUHS, Bethesda, MD) containing 400 mM 
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NaCl, 10 mM Hepes pH 7.5, 1.5 mM MgCl2, 0.1 mM EGTA, 5% glycerol, 1 mM DTT, 1 

mM PMSF, 1 mM Na3VO4, 1 mM NaF and 10 µL/ml HALT Protease Inhibitor (Thermo 

Scientific, Waltham, MA).  Samples were separated on 4%-12% NuPage Bis-Tris gels 

(Invitrogen), transferred to nitrocellulose membranes and blocked in SuperBlock 

Blocking Buffer in TBS (Thermo Scientific) for 2 hours at room temperature.  Blots were 

then incubated with primary antibody and 0.1% Tween-20 overnight at 4°C.  Primary 

antibodies used were: AR (1:1000 Cell Signaling Technology, Danvers, MA), PSA 

(1:500; Dako, Glostrup, Denmark), p44/42 MAPK (1:1000; Cell Signaling), phospho-

p44/42 MAPK (1:1000; Cell Signaling), NF-κB p65 (1:1000; Cell Signaling), phospho-

NF-κB p65 (1:1000; Cell Signaling), EZH2 (1:1000; Cell Signaling), SUZ12 (1:1000; 

Cell Signaling), Tri-methyl H3K27 (1:1000; Cell Signaling) and GAPDH (1:2000; 

Santa Cruz Biotechnology, Santa Cruz, CA).  Blots were incubated in secondary antibody 

at room temperature for 45 minutes, followed by five 10 minute washes in PBS-T and 

two 10 minute washes in PBS. Bands were detected with SuperSignal® West Pico 

Chemiluminescent Substrate (Thermo Scientific).  

 

Cell Proliferation Assays.  Cells to be used in the assay were grown in the 

appropriate media, harvested, washed, and re-suspended in growth media with 10% FBS 

or media with 10% CS-FBS for LNCaP androgen-independence studies. Cells were 

seeded in a 96 well plate at a density of 104 cells/well in 100 µL of media. Plates were 

then incubated at 37°C, and media was changed 48 hours after seeding. Cell proliferation 

was determined using the CellTiter AQueous One Solution Cell Proliferation Assay 

(Promega, Madison, WI) according to the manufacturer’s instructions. The assay utilizes 

a MTS tetrazolium compound that is reduced by viable cells to a formazan product, the 
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quantity of which is directly proportional to the number of living cells in culture. 

Absorbance at 490 nm was measured using a Versamax microplate reader (Molecular 

Devices, Sunnyvale, CA) two hours after the addition of the tetrazolium compound. 

Background absorbance of culture media was accounted for by measuring absorbance in 

control wells containing culture media alone.  

 

Cloning, Expression Vectors, and Transfection.  To clone MSMB, the 

complete open reading frame of MSMB was reverse transcribed and amplified from 

LNCaP mRNA using the following primers: MSMB-F: 5’ CGG GGA TCC ATG AAT 

GTT CTC CTG GGC AGC GTT 3’ MSMB-R: 5’ CTG CTC GAG TTA GAT TAT 

CCA TTC ACT GAC AGA 3’.  MSMB cDNA was then cloned into the eukaryotic 

expression vector pcDNA3.1/Hygro (Invitrogen).  Transfection of prostate cancer cell 

lines was done using jetPRIME transfection system (Polyplus-Transfection Inc., New 

York, NY), according to the manufacturer’s instructions.  Derivation of MSMB-

expressing cell lines was achieved by hygromycin (Invitrogen) antibiotic selection and 

stably-expressed recombinant MSMB was confirmed by real-time quantitative RT-PCR.  

 

Real-time Quantitative Reverse Transcription PCR (qRT-PCR).  5 x 105 

LNCaP and rKSHV.219-infected LNCaP were seeded in either FBS- or CSFBS-

supplemented RPMI media.  After 4-5 days of growth, cells were harvested and RNA 

was extracted using the GenCatch Total RNA Miniprep Kit (Epoch Biolabs).  As for 

sqRT-PCR, genomic DNA contamination in the RNA template used for qRT-PCR was 

eliminated by treating the samples with 2U DNase for 30 minutes at 37°C (TURBO 

DNA-free, Ambion).  cDNA was synthesized from 1.5 µg of total RNA according to the 
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manufacturer’s instructions with SuperScript III Reverse Transcriptase (Invitrogen).  

Each qRT-PCR reaction was carried out in triplicate in a 25 µL reaction with the SYBR 

GreenER qPCR SuperMix kit (Invitrogen).  Using the 7500 Real Time PCR System 

(Applied Biosystems, Foster City, CA), reactions were run for 15 minutes at 95°C for 

denaturation, followed by 40 cycles of 95°C for 30 seconds and 60°C for 30 seconds.  

For each experiment, a PCR reaction was run without template for a negative control. Ct 

values for the gene of interest (GOI) were normalized to β2-microglobulin (β2M) Ct (ΔCt 

= Ct GOI – Ct β2M) to generate ΔΔCt values.  RQ values to determine relative expression 

of each GOI were calculated by raising 2 to the negative value ΔΔCt for each sample.  

Primer sequences used were: AR-F: 5’ ATG GTG AGC AGA GTG CCC TAT C 3’ AR-

R: 5’ ATG GTC CCT GGC AGT CTC CAA A 3’ PSA-F: CGC AAG TTC ACC CTC 

AGA AGG T 3’ PSA-R: 5’ GAC GTG ATA CCT TGA AGC ACA CC 3’ MSMB-F: 5’ 

AAC TCG GAG TGG CAG ACT GAC A 3’ MSMB-R: 5’ CCT CCT TCT TGA AGA 

TTC TTT GGC 3’ PTHrP-F: 5’ GAA CTC GCT CTG CCT GGT TAG A 3’ PTHrP-R: 

5’ GTC CTT GGA AGG TCT CTG CTG A 3’ E-cadherin-F: 5’ GCC TCC TGA AAA 

GAG AGT GGA AG 3’ E-cadherin-R: 5’ TGG CAG TGT CTC TCC AAA TCC G 3’ 

N-cadherin-F: 5’ CCT CCA GAG TTT ACT GCC ATG AC 3’ N-cadherin-R: 5’ GTA 

GGA TCT CCG CCA CTG ATT C 3’ Vimentin-F: 5’ AGG CAA AGC AGG AGT 

CCA CTG A 3’ Vimentin-R: 5’ ATC TGG CGT TCC AGG GAC TCA T 3’ Zeb1-F: 5’ 

GGC ATA CAC CTA CTC AAC TAC GG 3’ Zeb1-R: 5’ TGG GCG GTG TAG AAT 

CAG AGT C 3’ Snail-F: 5’ TGC CCT CAA GAT GCA CAT CCG A 3’ Snail-R: 5’ 

GGG ACA GGA GAA GGG CTT CTC 3’ 
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Statistical analyses.  Error bars in graphical data represent mean ± standard 

deviation.  Unless otherwise noted in the figure legend, the Student’s t-test was used to 

calculate the statistical relevance between groups, with P < 0.05 considered to be 

significant. 
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Chapter 3 

Human herpesvirus-8 (HHV-8) promotes an androgen-independent phenotype in 

the androgen-sensitive LNCaP cell line 

Introduction 
It is estimated that in 2010 there were over 200,000 new cases of prostate cancer 

in the United States, making it the most commonly diagnosed, non-cutaneous malignancy 

for men in the U.S. (18).  Following primary interventions to treat prostate cancer, 

approximately one in three men will develop biochemical recurrence (43, 50-52).  Ever 

since Huggins and Hodges demonstrated tumor dependence on androgens, androgen 

deprivation therapy has been the primary treatment modality for cancer recurrence (54).  

Despite initial efficacy, many cases over time become resistant to treatment, at which 

point the cancer is considered androgen-independent prostate cancer (AIPC).  How 

prostate cancer becomes androgen-independent is incompletely understood, resulting in 

few therapeutic options for AIPC, which is the metastatic and fatal form of the disease.  

Recently, inflammation has been proposed as a contributing factor to both prostate cancer 

initiation and progression (99, 100), and it has been demonstrated that P. acnes and 

uropathogenic E. coli infections have been shown to strongly elicit inflammatory 

responses and enhance prostate cell proliferation (122-124).  Furthermore, pathogens 

often activate host cell signaling pathways, a phenomenon supported by Fehri et al. who 

showed that P. acnes infection of a prostate epithelial cell line resulted in NF-κB and 

STAT3 activation (122), both of which have been shown to cause ligand-independent 

activation of the AR signaling pathway and drive prostate cancer progression (81, 85, 
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86).  Thus, in the setting of prostate cancer, an underlying infection could alter cellular 

growth properties and activate signal transduction pathways that promote and enable 

disease progression.  We hypothesized that prostatic infection with HHV-8, a herpesvirus 

that infects the prostate (106, 115, 125), could have a profound influence on prostate 

cancer progression and the development of an androgen-independent phenotype.  

Although there is no evidence to support an association between HHV-8 infection and 

prostate cancer, presence of the virus in the prostate is notable.  HHV-8 encodes several 

proteins, including vFLIP, vIL-6 and a viral G protein-coupled receptor that activate the 

same host cell signaling pathways that are critical in prostate cancer progression (111-

113, 116, 117, 120, 121).  To test the contribution of HHV-8 to prostate cancer 

progression, we established chronic HHV-8 infection in the androgen-sensitive LNCaP 

cell line and assessed the effect of infection on markers for prostate cancer progression. 

Results 
Prostate cancer cell lines are permissive to rKSHV.219 infection.  A number 

of infectious agents have been detected in prostate epithelium (rev in 99), leading to the 

notion that infections may contribute to conditions that support prostate cancer initiation 

and/or progression.  Murine and in vitro cell culture models have been established for 

studying bacterial infection of the prostate and examining whether pathogen-induced 

inflammation contributes to prostate cancer development (99, 100, 122-124), but none of 

them have provided insight into infections and cancer progression.  Despite evidence 

showing HHV-8 infection of human prostate specimens (106, 115, 125), to our 

knowledge, no efforts have been made to determine whether HHV-8 can establish 

chronic infection in prostate epithelial or prostate cancer cell lines in vitro, which could 

serve as a model for examining the role of this virus in cancer progression.  To determine 
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whether prostate epithelial and prostate cancer cell lines are susceptible to HHV-8 

infection, a panel of prostate epithelial and prostate cancer-derived cell lines was infected 

with rKSHV.219, a recombinant HHV-8 virus.  rKSHV.219 expresses GFP during viral 

latency and carries a gene for puromycin resistance, enabling selection and establishment 

of rKSHV.219-infected  cell lines (127).  We monitored de novo infection and 

subsequent establishment of latency based on long-term GFP expression.    

Our results show that rKSHV.219 can infect and establish latency in all prostate 

cell lines tested, including the transformed prostate epithelial cell line RWPE2, the 

androgen-sensitive prostate cancer cell line LNCaP, and the androgen-independent 

prostate cancer cell lines, DU145 and PC3.  To confirm infection, DNA was isolated 

from both uninfected and infected cell lines, and PCR was performed using the KS330 

primer set that targets the HHV-8 minor capsid protein (128).  We were able to detect 

viral DNA in infected cells but not in uninfected cells (Figure 5 Panel A).  Figure 5 

Panel B is representative image of rKSHV.219-infected LNCaP (LNCaPv219) showing 

phase and corresponding GFP fluorescence in the same field of view.  Latent infection of 

these cells was further confirmed by immunoflurosence assays designed to detect 

expression of HHV-8 open reading frame 73, which encodes the virus-specific latency-

associated nuclear antigen (LANA).  This antigen localizes to the nucleus of infected 

cells and is essential for maintaining latency by tethering the viral episome to the host 

chromosome (107, 108).  In latently–infected cells, immunofluoresence detects LANA as 

distinct foci in a characteristic punctate distribution in the nucleus (129), a pattern that we 

observed in rKSHV.219-infected LNCaP cells (Figure 5 Panel C).   
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Figure 5. The recombinant HHV-8 virus, rKSHV.219, infects and establishes 

chronic, latent infections in prostate epithelial and prostate cancer cell lines.  Panel 

A: DNA was extracted from both uninfected and rKSVH.219-infected RWPE2, LNCaP, 

DU145 and PC3 cell lines and was used for PCR amplification with primers specific for 

KS330, a viral capsid protein. DNA from BCBL-1, a chronically infected cell line 

derived from a body-cavity based lymphoma was used as a HHV-8 positive control for 

viral genome template.  Panel B: Representative photomicrograph of virus-infected 

LNCaPv219 cells (left) and GFP expression (right) indicating establishment of viral 

latency. Panel C: Immunofluoresence assay showing the characteristic punctate nuclear 

staining for LANA in rKSHV.219-infected LNCaP cells but not in uninfected cells. 
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rKSHV.219 infection alters cell proliferation.  As mentioned above, a few 

studies have examined how microbial infections alter the growth properties of prostate 

cells.  In one study, P. acnes infection increases the growth of the prostate epithelial cell 

line, RWPE1 (122).  Furthermore, in mouse models, E. coli infection has been shown to 

induce prostate epithelial hyperplasia and increase cell proliferation (123, 124).  Based on 

these observations in other systems, we performed cell proliferation assays with 

uninfected and rKSHV.219-infected cell lines in order to determine whether chronic 

HHV-8 infection affected the growth of prostate epithelial and prostate cancer cell lines.  

We found that rKSHV.219 infection of RWPE2 (RWPE2v219) results in significantly 

increased cell proliferation compared to non-infected controls (Figure 6 Panel A).  The 

increase in proliferation was even more profound in rKSHV.219-infected androgen-

insensitive prostate cancer cell lines, DU145 (DU145v219) and PC3 (PC3v219), 

implying the existence of interactions between HHV-8 and host pathways that control 

cell proliferation (Figure 6 Panels C and D).  Interestingly, the only cell line for which 

we did not observe increased cell proliferation following rKSHV.219 infection was the 

androgen-sensitive LNCaP line (Figure 6 Panel B), suggesting that the virus could 

impact specific host pathways that would enable proliferation in androgen-deprived 

conditions.  

HHV-8-infected LNCaP cells have enhanced in vitro androgen-independent 

growth.  The observation that rKSHV.219 infection greatly enhanced cell proliferation in 

the androgen-insensitive DU145 and PC3 cell lines but not in the androgen-sensitive 

LNCaP cell line prompted us to test whether rKSHV.219 infection would impact LNCaP 

cell proliferation if the cells were cultured in an androgen-independent environment.  We  
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Figure 6. Prostate and prostate cancer-derived cell lines infected with rKSHV.219 

exhibit increased cellular proliferation.  The individual panels show proliferation rates 

for the prostate epithelial cell line, RWPE2 (Panel A), the androgen-sensitive prostate 

cancer cell line LNCaP (Panel B), the androgen-insensitive prostate cancer cell lines, 

DU145 and PC3 (Panels C and D) and their rKSHV.219-infected counterparts.  All cells 

were seeded in a 96-well plate; however, due to different doubling times between cell 

lines, the following cell culture scheme was adopted prior to measurement of cell 

proliferation in each case: 0.5 x 104 RWPE2 and rKSHV.219-infected RWPE2 

(RWPE2v219) cells were seeded and allowed to grow for four days (Panel A), whereas 

1.0 x 104 LNCaP and LNCaPv219 cells were allowed to grow for five days (Panel B).  

Similarly, 0.5 x 104 DU145 and DU145v219 cells (Panel C) and 0.5 x 104 PC-3 and PC-

3v219 cells (Panel D) were allowed to grow for three days.  At the end of each culture 

time, cell proliferation was analyzed using the Promega Cell-Titer kit according to the 

manufacturer’s protocol.  Values are the mean of independent readings from six wells of 

each sample set ± SD. *, P = 0.005; **, P < 0.001.  
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compared the growth kinetics of LNCaP and LNCaPv219 cells seeded in media 

supplemented with charcoal-stripped fetal bovine serum (CSFBS).   Charcoal stripping of 

FBS removes lipophilic compounds such as steroid hormones and is used as a standard 

procedure to simulate androgen deprivation in in vitro assays.  As expected, culturing 

androgen-sensitive LNCaP cells in media supplemented with CSFBS reduced growth by 

50% (Figure 7 Panel A).  Whereas no difference in cell proliferation was observed 

between LNCaP and LNCaPv219 when cultured in normal growth media (Figure 7 

Panel A Left), when both cell lines are cultured in CSFBS, LNCaPv219 cells had a 

significantly higher cellular proliferative capacity than uninfected LNCaP (Figure 7 

Panel A Right).  Although androgen-deprivation impaired LNCaPv219 cell proliferation, 

the reduction in growth of these cells is not nearly as drastic as observed for uninfected 

LNCaP cultured in the absence of androgens.   

In order to quantify the temporal nature of this virological influence under 

androgen-deprived conditions, we assayed androgen-independent cell proliferation over a 

seven-day period of culture in CSFBS media.  As shown in Figure 7 Panel B, 

LNCaPv219 cells had significantly better androgen-independent cell growth at each of 

the successive days of the assay, as revealed by the progressive increase in the magnitude 

of cell proliferation between uninfected and LNCaPv219 cells over the course of the 

experiment.   These results suggest that rKSHV.219 infection of LNCaP cells either 

renders them less susceptible to the growth inhibitory effects of androgen-deprivation, or 

the presence of virus promotes an androgen-independent phenotype by significantly 

reducing the requirement of androgens for growth and survival. 
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Figure 7. HHV-8 infection enhances LNCaP cell proliferation in androgen-deprived 

conditions. Panel A: 1.0 x 104 uninfected LNCaP and rKSHV.219-infected LNCaP 

(LNCaPv219) cells were seeded in a 96 well plate in growth media supplemented with 

either 10% FBS (left) or 10% CSFBS (right), as indicated. Plates were incubated at 37°C 

for four days, at which point a cell proliferation assay was performed. Values are a mean 

of six independent samples ± SD. *, P < 0.0001. Panel B: 1.0 x 104 LNCaP and 

LNCaPv219 cells were seeded in a 96 well plate in growth media supplemented with 

10% CSFBS.  Plates were then incubated at 37°C for three, five and seven days before 

cell proliferation assays were performed.  Values are a mean of five samples ± SD for 

each time point shown.  Statistical analysis was done by two-way ANOVA with 

Bonferroni posttest *, P < 0.0001.  
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AR and PSA expression levels are down-regulated in LNCaPv219 cells 

despite enhanced androgen-independent cell proliferation.  It is understood that 

constitutive activation of the AR signaling pathway commonly enables prostate cancer 

progression (rev in 16, 63), and it has been shown that increased AR expression alone is 

sufficient to promote an androgen-independent phenotype (67).  Therefore, to identify the 

mechanism(s) by which HHV-8 promotes an androgen-independent phenotype, we used 

Western blot analysis to compare the level of AR expression in LNCaP and LNCaPv219 

cells cultured in either normal growth media with FBS or in androgen-deprived CSFBS 

media.  Since AR regulates PSA expression, measuring both mRNA and protein levels of 

PSA allows for the assessment of AR transcriptional activity.  When cultured in normal 

growth media, LNCaPv219 exhibited increased AR expression but lower PSA expression 

(Figure 8 Panel A), implying that while there may be increased AR protein, HHV-8 

infection does not appear to induce AR transcriptional activity.  As expected, expression 

of both AR and PSA is greatly reduced when LNCaP are cultured in androgen-deprived 

CSFBS media.  Interestingly, compared to uninfected LNCaP cells, AR and PSA 

expression levels are even further reduced in LNCaPv219-CSFBS.  The AR and PSA 

protein data are corroborated by qRT-PCR analysis of mRNA expression levels for AR 

and PSA in LNCaP and LNCaPv219 cells in both culture conditions (Figure 8 Panel B).  

Together these results suggest that HHV-8 promotes an androgen-independent phenotype 

that does not require activation of and is potentially independent of the AR signaling 

pathway.  

HHV-8 infection increases MAPK ERK1/2 activity in LNCaP cells and 

inhibiting MAPK signaling impairs HHV-8 induced androgen-independent cell  
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Figure 8. AR and PSA expression levels are down-regulated in LNCaPv219 cells 

despite enhanced androgen-independent cell proliferation. 5 x 105 LNCaP and 

LNCaPv219 cells were grown either in media with FBS (left) or in media supplemented 

with CSFBS (right) to simulate androgen-deprivation. Cells were then harvested and 

analyzed protein and mRNA expression profiles with whole cell lysates or total RNA, 

respectively. Panel A: Western blot analysis for AR and PSA expression in LNCaP and 

LNCaPv219 cells cultured in either FBS or CSFBS.  GAPDH was used as a loading 

control. Panel B: Graphic representation of the fold change in AR and PSA mRNA 

levels measured by qRT-PCR in LNCaP (gray bars) and LNCaPv219 (black bars) cells 

cultured in normal growth media (left) or in androgen-deprived CSFBS-supplemented 

media (right). *, P < 0.01; **, P < 0.0001.   
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proliferation.  Deregulated signal transduction pathways and constitutive activation of 

transcription factors have been shown to be involved in the development of an androgen-

independent phenotype (rev in 16, 63).  As the pathogenic mechanisms of infectious 

agents commonly involve subversion of host cell signaling pathways and transcription 

factors, we hypothesized that the androgen-independent phenotype we observed in 

LNCaPv219 cells could be the result of HHV-8 induction of cell signaling pathways 

involved in prostate cancer progression.  Using activation-specific antibodies, we 

compared the activation status of some of the most commonly activated pathways in 

cancer, MAPK ERK1/2, NF-κB p65, AKT and STAT3 in both uninfected and 

rKSHV.219-infected LNCaP cells using lysates from cells cultured in both normal 

growth media (FBS) and in androgen-deprived (CSFBS) conditions.   

We detected varying degrees of background activation of NF-κB p65, STAT3 and 

AKT in LNCaP and LNCaPv219 cells.  When maintained in androgen-deprived 

conditions (CSFBS), we observed no difference in AKT activation between LNCaP and 

LNCaPv219, but we did find moderately increased NF-κB p65 and STAT3 activity in 

LNCaPv219.  In addition, we detected pronounced activation of the MAPK ERK1/2 

pathway in rKSHV.219-infected cells cultured in androgen-deprived conditions (Figure 

9 Panel A), which appears to be specific to HHV-8 infection as there is no comparable 

MAP ERK1/2 activity in LNCaP-CSFBS.  To test whether the androgen-independent 

phenotype of LNCaPv219 is dependent on the activation of MAPK ERK1/2, we repeated 

cell proliferation assays using cells treated with the selective MAP kinase inhibitor 

PD98059.  Our results show that treatment of LNCaPv219 with PD98059 reduced 

androgen-independent cell proliferation in a dose dependent manner (Figure 9 Panel B).  
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Additionally, as Figure 9 Panel C illustrates, LNCaPv219 cells have increased 

androgen-independent proliferation compared to uninfected LNCaP, a result consistent 

with our previous observation (Figure 7 Panel A).   Treatment of LNCaP and 

LNCaPv219 with 50 µM of PD98059 resulted in a significant reduction in cell growth 

only in LNCaPv219 (P < 0.0001).  It is important to note that PD98059 does not affect 

growth of LNCaP, as the reduction in growth rates of LNCaP cells treated with the drug 

is just outside of statistical significance (P = 0.0508).  This experiment shows that 

LNCaPv219 cells are much more sensitive to MAPK ERK1/2 inhibition and suggests that 

MAPK ERK1/2 activation may be one of the mechanisms by which HHV-8 contributes 

to the androgen-independent phenotype of LNCaPv219.  

Discussion 
Death from prostate cancer occurs almost exclusively when the cancer 

metastasizes and develops growth mechanisms that no longer depend on the availability 

of androgens.  The pathogenic mechanisms of AIPC are incompletely understood, and it 

remains difficult to distinguish localized cancers that will remain indolent from those that 

will become advanced, aggressive and potentially lethal.  It is recognized that on both the 

clinical and molecular levels, prostate cancer is a heterogeneous disease. The numerous 

genetic and molecular alterations that occur in the malignant state coupled with the tumor 

microenvironment and external factors, such as treatment regimens and diet, dictate the 

disease course.  Other groups have demonstrated that P. acnes and uropathogenic E. coli 

infections of prostate epithelium incite strong inflammatory responses, induce 

hyperplasia and increase cell proliferation, supporting a possible link between pathogen-

induced inflammation and prostate cancer initiation (122-124).  In contrast to other 

studies that explore the idea of infections as etiologic agents of prostate carcinogenesis, in  
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Figure 9. HHV-8 infection increases MAPK ERK1/2 activity in LNCaP cells and 

inhibiting MAPK signaling impairs HHV-8 induced androgen-independent cell 

proliferation. Panel A: Whole cell lysates from LNCaP and LNCaPv219 cells cultured 

in FBS or CSFBS-supplemented media were used in Western blot analysis to assess 

activation of MAPK ERK1/2, NF-κB p65, AKT and STAT3 using phospho-specific 

antibodies.  Panel B: PD98059, a potent inhibitor of the MAPK signaling pathway, 

reduced LNCaPv219 androgen-independent cell proliferation in a dose-dependent 

manner.  Values represent the mean of six independent samples ± SD.  Statistical analysis 

was done using the Kruskal-Wallis test. *, P = 0.0016.  Panel C:  LNCaP and 

LNCaPv219 cells were cultured in CSFBS- supplemented media for three days and then 

were treated with either no drug or with 50 µM of PD98059 for 24 hours before assaying 

for cell proliferation.  Values are a mean of six independent samples ± SD. *, P = 0.051; 

**, P < 0.0001. 
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this study we wanted to see how an infection affects prostate cancer progression.  To 

study the effect of infection on prostate cancer phenotype, we used the androgen-

sensitive LNCaP cell line and established cells that are persistently infected with HHV-8, 

a herpesvirus that has been shown to infect the prostate, as a tool for dissecting the role of 

prostatic infections in activating pathologic networks involved in prostate cancer 

progression.  The rationale for our approach is supported by the fact that HHV-8 encodes 

several proteins that target and activate host cell signaling pathways, including those 

relevant to prostate cancer. 

We demonstrate that prostate cancer cell lines are permissive for HHV-8 infection 

(Figure 5) and can support the establishment of latency, during which the most notable 

oncogenic viral genes are expressed (rev in 130). In addition to the LNCaP cell line, we 

have successfully established persistent rKSHV.219 infection in RWPE2, an 

immortalized prostate epithelial cell line, and in the androgen-independent DU145 and 

PC-3 cell lines.  As several reports have shown how infections can alter the rate of 

growth in benign prostate epithelium (122-124) we first examined how HHV-8 infection 

would alter cellular proliferation rates in chronically infected cell lines. Our results show 

that HHV-8 infection significantly increased the proliferative rates of RWPE2, DU145, 

and PC3 (Figure 6).  Surprisingly, LNCaPv219 was the only infected cell line that did 

not have increased growth rates compared to uninfected cells; however, when cell 

proliferation was assayed in androgen-deprived conditions, LNCaPv219, compared to 

uninfected LNCaP, had significantly increased rates of proliferation (Figure 7).  

LNCaPv219 cells appear to be more resistant to the growth-impairing effects of 

androgen-deprivation.  In the presence of androgens, LNCaP and LNCaPv219 most 
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likely adopt a default cell growth pattern regulated by androgens available in the media. 

When androgens are not available, we hypothesize that HHV-8 infection provides 

alternative mechanisms for cell growth and proliferation.  

It is understood that most cases of AIPC are the result of increased AR expression 

and/or constitutive signaling of the AR pathway despite androgen deprivation (16, 63, 

67).  Therefore, to test whether HHV-8 promotes an androgen-independent phenotype by 

up-regulating AR expression, we used qRT-PCR and Western blotting to measure AR 

expression in LNCaP and LNCaPv219 at both the mRNA and protein levels, 

respectively.   In the presence of androgens (FBS), LNCaPv219 cells have increased AR 

mRNA and protein expression, but PSA expression, which is transcriptionally regulated 

by AR, is decreased (Figure 8).  AR and PSA expression were also measured from 

LNCaP and LNCaPv219 cell lines that were maintained in androgen-deprived (CSFBS) 

culture conditions.  LNCaPv219, compared to uninfected LNCaP, actually have 

decreased expression of both AR and PSA, despite having increased androgen-

independent proliferation.  We had hypothesized that HHV-8-encoded proteins could 

potentially induce AR expression and transcriptional function in a ligand-independent 

manner by activating host cell signaling pathways.  For example, HHV-8 open reading 

frame (ORF) K13 encodes a viral homolog of FADD-like interferon-converting enzyme 

inhibitory protein (vFLIP) that prevents death receptor-mediated apoptosis.  vFLIP has 

also been shown to activate the NF-κB (111) and JNK/AP-1 pathways, both of which 

induce cellular IL-6 expression (113, 114).  In the context of prostate cancer, increased 

NF-κB activity and cellular IL-6 signaling have both been shown to be ligand-

independent activators of AR expression and transcriptional activity (81, 85).  Contrary to 
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what we predicted, however, our results suggest that the androgen-independent 

phenotype induced by HHV-8 in LNCaP cells is independent of the AR signaling 

pathway.  Based on our data, it appears that HHV-8 infection of LNCaP cells results in a 

cell line in which AR transcription is attenuated, in a manner similar to the androgen-

independent DU145 and PC3 cell lines, both of which lack expression of the AR.  

A large body of research has demonstrated that prostate cancer progression is 

associated with the aberrant activation of numerous signal transduction pathways and 

transcription factors.  Deregulated activation of MAPK ERK1/2, AKT, NF-κB p65 and 

STAT3 have all been correlated with prostate cancer progression (77-80, 82, 83, 86-88) 

and are commonly targeted by HHV-8 proteins during infection (130).  Using lysates 

from LNCaP and LNCaPv219 cells cultured in either normal growth media or CSFBS-

supplemented media, we employed Western blot analysis to measure the activation status 

of MAPK ERK1/2, NF-κB p65, AKT, and STAT3 using phospho-specific antibodies.  

We were most interested in the CSFBS results, as our goal was to identify specific 

pathway(s) contributing to the androgen-independent phenotype of HHV-8-infected 

LNCaP.  LNCaPv219-CSFBS showed only a modest increase in the activation of several 

molecules, including NF-κB p65 and STAT3, which was also a bit surprising since HHV-

8 encodes two proteins, vFLIP and vIL-6, that when expressed not only prevent apoptosis 

but also specifically maintain NF-κB (111, 112) and STAT3 (120, 121) signaling, 

respectively, as a survival strategy for infected cells.  However, our data show that HHV-

8 infection has a marked impact on MAPK ERK1/2 activation under CSFBS conditions 

(Figure 9 Panel A).  The MAPK ERK1/2 pathway is a pivotal regulator of cell growth 

and is commonly found to be associated with cancer pathogenesis and progression (rev in 



56 
 

 

75).  Accordingly, our studies also suggest that activation of the MAPK ERK1/2 pathway 

is crucial to the androgen-independent phenotype induced by HHV-8 infection.  

Inhibiting MAPK ERK1/2 with PD98059 severely impaired LNCaPv219 proliferation in 

androgen-deprived conditions (Figure 9 Panels B and C), whereas uninfected cells were 

far less sensitive to PD98059 treatments.  Although this finding implicates MAPK 

ERK1/2 activation, we do not believe that this signaling pathway is the only one that has 

a crucial role in HHV-8-induced androgen-independent cell survival.  It is entirely 

possible that other pathways such as NF-κB and STAT3 are contributing, but perhaps 

only modestly, to the phenotype in the context of HHV-8 infection.  On the other hand, it 

is recognized that HHV-8 infection induces a profound alteration of the host cell 

transcriptional program (131, 132).  As such, further studies are needed to identify 

mechanisms and the host genes that are modulated by HHV-8 that in turn drive the 

development of an androgen-independent phenotype in this model system.   

To our knowledge, this is the first report of an infectious agent promoting an 

androgen-independent phenotype in an androgen-sensitive prostate cancer cell line.  

While HHV-8 may not be a common infection of the prostate, given the low sero-

prevalence of this virus in North American and Western European populations, our work 

highlights the potential for certain infections as possible risk factors for the development 

of aggressive prostate cancer.  Prostatic infections are assumed to be fairly common yet 

are never diagnosed in the majority of cases (97, 133, 134).  Studies should be undertaken 

to determine how frequently malignant prostates harbor infections and how other 

infectious agents, such as P. acnes and E. coli, affect the tumor microenvironment and 

disease course.  
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Chapter 4 

HHV-8 Down-Regulates Microseminoprotein-β and Induces a Mesenchymal 

Phenotype in the LNCaP Cell Line: Mechanisms for Decreased Androgen-

Sensitivity 

Introduction 
In the 1940’s, Huggins and Hodges showed that prostate cancer growth is 

dependent on androgens (54).  This finding engendered androgen deprivation therapy, 

which is still utilized for treating men diagnosed with recurrent and advanced prostate 

cancer.  This treatment strategy, however, is not curative, and over time tumors become 

refractory to hormonal deprivation.  For the majority of cases, it has been shown that 

androgen independence is the result of constitutive signaling of the AR pathway (rev in 

16, 63), but emerging evidence suggests that there may be other mechanisms that could 

contribute to this phenotype.  For instance, in previous work, we have shown that chronic 

infection of the androgen-sensitive LNCaP prostate cancer cell line with the recombinant 

HHV-8 virus, rKSHV.219, induces enhanced androgen-independent cell proliferation.  

Analogous to the androgen-independent DU145 and PC3 cell lines, we found that 

LNCaPv219 have attenuated AR transcriptional activity, suggesting that the androgen-

insensitive phenotype induced by the virus in LNCaPv219 occurs independently of the 

AR signaling pathway.   

Recently, Yu and colleagues showed that the TMPRSS2-ERG gene fusion, the 

most commonly occurring genetic mutation in prostate cancer (27, 28), and subsequent 

over-expression of ERG resulted in reduced AR expression, interruption of AR 
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transcriptional activity and yet promoted androgen-independent cell proliferation in 

LNCaP cells by causing cellular dedifferentiation (135).  The authors showed that ERG 

mediated these effects by directly blocking AR signaling and by activating enhancer of 

zeste homlog 2 (EZH2), a member of the Polycomb group of proteins that specifically tri-

methylate lysine 27 of histone 3 (H3K27), an event that has been shown to be responsible 

for epigenetically repressing genes involved in stem cell differentiation (136-138).  This 

finding is significant as it has been shown that the level of EZH2 expression in tumor 

specimens directly correlates with worsening prognosis and is most strongly expressed in 

metastatic and androgen-independent cases (139, 140).  Additionally, it has been shown 

that EZH2 epigenetically inhibits the expression of two critical tumor-suppressor 

proteins, microseminoprotein-beta (MSMB) and DOC-2/DAB2 interactive protein 

(DAB2IP) (141-143).  MSMB has recently received attention for its potential as a 

prostate cancer biomarker (rev in 144), while DAB2IP is a Ras GTPase-activating protein 

that regulates intracellular signal transduction and inhibits prostate cancer cell growth 

(143, 145).  As a consequence of increased EZH2 activity and transcriptional repression, 

the loss of both MSMB and DAB2IP expression is strongly associated with and is a 

common feature of high grade, metastatic and androgen-independent prostate tumors 

(143, 146).   

Interestingly, HHV-8 researchers have found that the virus employs EZH2 to 

epigenetically repress expression of lytic viral proteins in order to maintain latent 

infection (147, 148).  Additionally, it is understood that latent HHV-8 infection results in 

a pronounced modification of the host cellular transcriptome (131, 132), as recently 

demonstrated by the fact that HHV-8-infected endothelial cells lose expression of 
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endothelial markers and begin expressing mesenchymal ones (149, 150), a phenomenon 

known as virus-induced endothelial-to-mesenchymal transition.  For a variety of tumor 

types, including prostate cancer, the loss of an epithelial phenotype and the acquisition of 

mesenchymal characteristics occurs during cancer progression, enables metastasis and 

imparts tumor cells with stem cell-like phenotypes (151-156).  Thus, in this study we 

asked whether the androgen-independent phenotype of LNCaPv219 cells is the result of 

the virus promoting cellular dedifferentiation as a consequence of HHV-8 using EZH2 to 

maintain latency.  We show that LNCaPv219 cells have increased EZH2 expression and 

elevated levels of the repressive tri-methylated H3K27 (H3K27me3) mark, which can 

explain the down-regulation of MSMB and DAB2IP, two critical tumor-suppressor 

proteins that are epigenetically repressed by EZH2 methyltransferase activity in 

aggressive prostate cancers.  We also show that HHV-8 infection up-regulates expression 

of markers for EMT, suggesting that HHV-8 infection is profoundly altering the 

phenotype of the androgen-sensitive LNCaP cell line.  We contend that the LNCaPv219 

cell line could be a useful model to study the pathophysiology and cellular mechanisms 

involved in prostate cancer progression.  

Results 
HHV-8 infection of LNCaP cells induces expression and activity of Polycomb 

group proteins, resulting in increased methylation of H3K27 and decreased 

expression of MSMB and DAB2IP.  Over-expression of EZH2 occurs frequently in 

metastatic prostate cancer and confers a poor prognosis (139, 140).  Since HHV-8 latency 

is maintained by EZH2-mediated suppression of viral lytic genes, we hypothesized that 

viral-induced EZH2 expression and subsequent methyltransferase activity in LNCaPv219 

cells could result in epigenetic modifications that alter the normal transcriptional program 
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and promote androgen-independent proliferation.  Using lysates from uninfected LNCaP 

and LNCaPv219 cells cultured in CSFBS-supplemented media, we measured by Western 

blot EZH2 expression and the expression of SUZ12, another Polycomb group protein that 

is essential for EZH2-mediated H3K27 methylation (157).  EZH2 methyltransferase 

activity was assessed using an antibody specific for H3K27me3.  Our results show that 

both EZH2 and SUZ12 protein expression is increased in rKSHV.219-infected LNCaP 

cells (Figure 10 Panel A).  We also found an increased level of H3K27me3 in 

LNCaPv219, which is indicative of increased EZH2 methyltransferase activity and the 

potential for epigenetic modifications that have an impact on the phenotype of these cells.   

To determine whether the increase we observed in EZH2 and H3K27me3 

expression was modifying the transcriptome of LNCaPv219 cells, we used qRT-PCR to 

measure the mRNA expression levels of MSMB and DAB2IP in both LNCaP and 

LNCaPv219 cells that were cultured in androgen-deprived conditions.  MSMB is one of 

the most highly expressed proteins secreted by the prostate into the seminal fluid (2, 158).  

Several groups have shown there is reduced MSMB expression in malignant prostatic 

glands compared with benign prostate tissue (rev in 144), and a recent study found that 

decreased MSMB expression in tumor specimens is strongly predictive of prostate cancer 

progression and recurrence (146).  As discussed above, DAB2IP is a Ras GTPase-

activating protein that has been shown to possess tumor-suppressing characteristics, such 

as repressing prostate cancer cell growth and metastasis (143, 145).  Consistent with 

these observations, we found that expression of both MSMB and DAB2IP is significantly 

down-regulated in LNCaPv219 compared to uninfected LNCaP cells (Figure 10 Panel 

B).  To confirm that this phenomenon is not specific to one particular cell line, we also  
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Figure 10. HHV-8 infection of LNCaP cells induces expression and activity of 

Polycomb group proteins, resulting in increased methylation of H3K27 and 

decreased expression of MSMB and DAB2IP. Panel A:  Whole cell lysates were 

collected from LNCaP and LNCaPv219 cells cultured in androgen-deprived CSFBS-

supplemented media and were used in Western blot analysis to assess the expression of 

the Polycomb group proteins EZH2 and SUZ12.  The methylation status of H3K27 was 

also assessed using an antibody specific for the tri-methylated form of the protein.  

GAPDH was used as a loading control.  Panel B: Graphic representation of the fold-

change in mRNA expression levels of MSMB and DAB2IP measured by qRT-PCR in 

LNCaP (gray bars) and LNCaPv219 (black bars) cells under androgen-deprived (CSFBS) 

conditions.  Panel C: Graphic representation of the fold-change in mRNA expression 

levels of MSMB and DAB2IP in RWPE2 (gray bars) and RWPE2v219 (black bars) cells.  

*, P < 0.01; ** P < 0.0001.
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measured MSMB and DAB2IP expression in RWPE2 and RWPE2v219 cells.  We found 

that MSMB mRNA expression levels are also down-regulated in RWPE2v219 cells 

(Figure 10 Panel C), implying that down-regulation of MSMB could be a generalized 

consequence of HHV-8 infection of prostate cells.  Unexpectedly, DAB2IP expression 

was actually increased in RWPE2v219 compared to uninfected cells.  Why DAB2IP is 

up-regulated is not clear, although it should be noted that the RWPE2 cell line was 

established by transformation with the Ki-ras oncogene (126), which could affect 

expression of DAB2IP, a protein intimately involved in regulating the Ras pathway (143, 

145).  

Induction of the HHV-8 lytic cycle does not relieve transcriptional repression 

of MSMB and DAB2IP expression.  Decreased EZH2 methyltransferase activity and 

the subsequent loss of the H3K27me3 mark is associated with the transcription of viral 

genes that initiate and drive the lytic cycle and HHV-8 replication (147, 148).  If the 

decreased expression of MSMB and DAB2IP in LNCaPv219 cells is directly the result of 

EZH2-mediated maintenance of viral latency, we reasoned that inducing the viral lytic 

cycle would impair methyltransferase activity, result in decreased levels of the repressive 

H3K27me3 mark and therefore possibly relieve epigenetic transcriptional repression of 

MSMB and DAB2IP expression.  To test this hypothesis, we cultured LNCaPv219 cells 

in both normal and CSFBS-supplemented media and treated them with 2mM sodium 

butyrate (NaB), a histone deacetylase inhibitor that induces viral reactivation and has 

been shown to reduce the levels of the H3K27me3 mark along the HHV-8 genome (148).  

We monitored the cells over a period of several days for red fluorescent protein (RFP) 

expression, which is used as a marker for lytic reactivation of rKSHV.219 (127).  
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Whereas increased RFP expression was evident as early as 48 hours of NaB treatment of 

LNCaPv219 cells cultured in FBS-supplemented media, we did not observe evidence of 

viral reactivation in LNCaPv219 cells growing in CSFBS-supplemented media within the 

same time frame (Figure 11 Panel A).  Next, we used semi-quantitative RT-PCR to 

measure the expression levels of HHV-8 lytic gene transcripts (Figure 11 Panel B).  

RTA, the replication and transcriptional activator, is sufficient to drive the HHV-8 lytic 

cycle and the expression of other lytic genes (159).  K8.1 is a late-lytic gene that encodes 

a viral envelope-associated structural glycoprotein that is incorporated into the mature 

virion (160).  Next, we cultured LNCaPv219 cells in either FBS- or CSFBS-

supplemented media and treated the cells with 2 mM NaB for 24, 48 or 72 hours.  

Consistent with the RFP fluorescence data, Figure 11 Panel B shows that upon treatment 

with NaB, LNCaPv219 cells grown in FBS exhibited robust expression viral lytic genes, 

and additionally these results clearly demonstrate that whereas we achieve viral 

reactivation with NaB treatment in LNCaPv219-FBS cells, the ability to induce viral 

reactivation is impaired in androgen-deprived culture conditions.  This finding was 

indeed surprising, and it is unclear as to why NaB-induced viral reactivation occurs much 

more efficiently in FBS-supplemented media than in CSFBS-supplemented media.   

Since suppression of RTA expression is due to tri-methylation of H3K27 at the 

RTA promoter (147, 148), the presence of transcripts for RTA and other lytic genes 

represents evidence of histone demethylation on the viral genome, which allows RTA 

transcription.  To confirm this, we used lysates from NaB-treated LNCaPv219-FBS cells 

and measured the expression of EZH2, SUZ12 and H3K27me3 by Western blot.  As 

Figure 11 Panel C shows, viral reactivation resulted in decreased expression of EZH2  
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Figure 11. Induction of the HHV-8 lytic cycle does not relieve EZH2-mediated 

transcriptional repression of MSMB and DAB2IP.  Panel A: Representative 

photomicrograph showing lytic reactivation in NaB-treated LNCaPv219 cells, as 

evidenced by RFP expression, cultured in either FBS- (left) or CSFBS-supplemented 

media (right).  Panel B: RNA was extracted from LNCaPv219 cells cultured in FBS- 

(right) or CSFBS-supplemented (left) media that were treated with 2 mM NaB for 24, 48 

or 72 hours.  The expression of HHV-8 lytic genes was assessed by sqRT-PCR.  RNA 

from untreated cells was used as a control. Panel C: Whole cell lysates were made from 

LNCaPv219-FBS cells treated with no drug or 2 mM NaB for 24, 48 and 72 hours and 

were used in Western blot analysis to assess the expression of EZH2, SUZ12 and tri-

methylated H3K27.  GAPDH was used as a loading control. Panel D:  Graphic 

representation of fold-change in expression levels of MSMB (left) and DAB2IP (right) 

measured by qRT-PCR in LNCaPv219 cells treated with either no drug, 1.0 mM or 2.5 

mM NaB. *, P = 0.015; **, P < 0.01.  
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and SUZ12, but paradoxically the levels of H3K27me3 increased.  Using RNA from 

LNCaPv219 cells treated with increasing concentrations of NaB we measured by qRT-

PCR the expression levels of MSMB and DAB2IP in reactivated cell lines (Figure 11 

Panel D), and found decreased expression for both, consistent with increased tri-

methylation of H3K27 and further epigenetic suppression of transcription, verifying the 

H3K27me3 protein data (Figure 11 Panel C).  These results suggest that during NaB-

induced viral reactivation while histone demethylation has occurred on the viral genome, 

enabling RTA expression, the repressive H3K27me3 mark is maintained on the host 

genome, resulting in continued silencing of MSMB and DAB2IP expression. 

Ectopic expression of MSMB induces apoptosis in PC3 cells and inhibits 

LNCaPv219 androgen-independent growth.  It is believed that MSMB limits prostate 

cellular proliferation by regulating apoptosis (161), a hypothesis consistent with the 

observation that MSMB expression is highest in benign tissue, reduced in malignant 

tissues and then progressively declines as prostate cancers evolve to higher grade and 

more aggressive tumors (146, 162).  Given its role in regulating prostate cellular 

proliferation, we therefore sought to determine the contribution that down-regulation of 

MSMB has on LNCaPv219 androgen-independent proliferation.  We cloned MSMB into 

the pcDNA3.1/Hygro expression vector in order to ectopically express the protein in 

uninfected and rKSHV.219-infected prostate cancer cell lines.  It has been shown that 

MSMB inhibits growth of the androgen-insensitive PC3 cell line by inducing apoptosis 

(161).  To test the biological functionality of our MSMB construct, we transfected PC3 

and PC3v219 cells with either empty vector (pcDNA-Hygro) or with MSMB (pcDNA-

MSMB).    As Figure 12 Panel A shows, there is low basal expression of MSMB in both 
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the PC3 and PC3v219 cell lines, but we were able to achieve strong MSMB expression 

upon transfection of both cell lines with pcDNA-MSMB, but not with the empty pcDNA-

Hygro vector.  In agreement with previous findings, we noticed that MSMB-expressing 

PC3 and PC3v219 cells quickly died and could not be maintained in culture (Figure 12 

Panel B).  Moreover, Western blot analysis showed cleavage of nuclear poly (ADP-

ribose) polymerase (PARP), a marker of apoptosis, only in cells over-expressing MSMB 

(Figure 12 Panel C).  To test the hypothesis that HHV-8-mediated down-regulation of 

MSMB promoted androgen-independent cell proliferation, we next transfected the 

MSMB construct into LNCaP, LNCaPv219, RWPE2 and RWPE2v219 cell lines.  

Remarkably, stable MSMB-expressing LNCaP and RWPE2 cell lines could not be 

established as the cells did not survive in culture.  However, we were able to generate and 

serially passage LNCaPv219 and RWPE2v219 cells that stably express MSMB 

(LNCaPv219-MSMB and RWPE2v219-MSMB).  Based on this result, we tested using 

cell proliferation assays whether the forced expression of the protein in LNCaPv219 cells 

would attenuate the androgen-independent proliferative capacity of the cell line.  As we 

have shown before, LNCaPv219, compared to uninfected LNCaP, have enhanced 

androgen-independent proliferation, but this experiment demonstrates that restoration of 

MSMB expression significantly impairs androgen-independent growth of LNCaPv219 

cells (Figure 12 Panel D).  The growth inhibition caused by ectopic MSMB expression 

appears to be a generalizable theme as we also observed reduced rates of cell growth in 

RWPE2v219-MSMB cells (Figure 12 Panel E). 

Additionally, we assessed the level of parathyroid hormone-related protein 

(PTHrP), which is a known growth factor for prostate cancer cells and is directly  
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Figure 12. Ectopic expression of MSMB induces apoptosis in PC3 cells and inhibits 

LNCaPv219 androgen-independent growth. Panel A: PC3 and PC3v219 cells were 

transfected with either empty vector (pcDNA-Hygro) or with MSMB-plasmids (pcDNA 

MSMB) for 48 hours. The level of MSMB RNA expression was measured by sqRT-PCR. 

GAPDH was used as a loading control.  Panel B: Photomicrograph taken 48 hours post-

transfection of PC3-pcDNA-Hygro cells (left) and depletion of the PC3-pcDNA-MSMB 

cell population (right). Panel C: Western blot analysis for PARP expression in MSMB-

transfected PC3 and PC3v219 cells shows increased apoptosis in MSMB-expressing cell 

lines. Panel D: 1.0 x 104 LNCaP, LNCaPv219 and LNCaPv219-MSMB cells were 

seeded in a 96 well plate in growth media supplemented with 10% CSFBS. Cells were 

allowed to grow for seven days, at which point a cell proliferation assay was performed. 

Values are a mean of six samples ± SD. Kruskal-Wallis test. *, P < 0.001.  Panel E: 0.5 x 

104 RWPE2, RWPE2v219 and RWPE2v219-MSMB cells were seeded in a 96 well plate.  

Cells were allowed to grow for three days, at which point a cell proliferation assay was 

performed.  Values are a mean of six samples ± SD. Kruskal-Wallis test. *, P < 0.001.  

Panel F:  Graphic representation of the fold-change in mRNA levels of MSMB and 

PTHrP measured by qRT-PCR in LNCaP-CSFBS (gray bars) and LNCaPv219-CSFBS 

(black bars) cells. *, P = 0.003; **, P < 0.0001  Panel G: Graphic representation of the 

fold-change in mRNA levels of MSMB and PTHrP in LNCaPv219 (gray bars) and 

LNCaPv219-MSMB (black bars). *, P < 0.0001.  
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involved in the development of skeletal metastases (163-167).  It has been shown that 

MSMB limits tumor growth and inhibits metastasis in part by directly inhibiting PTHrP 

expression in prostate cancer cells (168, 169).  Therefore, in addition to the cell 

proliferation data, we measured by qRT-PCR the mRNA expression of PTHrP.  In 

LNCaPv219 cells, which have low levels of MSMB expression, we found that PTHrP 

expression is up-regulated five-fold compared to uninfected LNCaP (Figure 12 Panel F).  

However, ectopic expression of MSMB in LNCaPv219 cells dramatically inhibits PTHrP 

expression, a finding that supports previous reports that an inverse relationship between 

MSMB and PTHrP expression exists (Figure 12 Panel G).  Since re-expressing MSMB 

in LNCaPv219 severely curtailed cellular proliferation in androgen-deprived conditions, 

these results suggest that the loss of MSMB expression in LNCaPv219 cells, possibly via 

a virus-induced up-regulation of EZH2 histone methyltransferase activity, contributes to 

their enhanced androgen-independent proliferative capacity.    

Markers for EMT are expressed in LNCaPv219-CSFBS cells.  The loss of 

MSMB and DAB2IP expression, coupled with our previous finding that AR and PSA 

protein expression is decreased in LNCaPv219-CSFBS cells led us to investigate whether 

HHV-8 infection of LNCaP cells was causing a dedifferentiation event.  Specifically, we 

were interested in determining whether HHV-8 infection of LNCaP cells was inducing 

EMT, a phenomenon whereby epithelial cells dedifferentiate and acquire a mesenchymal 

phenotype.  While EMT is a normal and important process in embryology, in the setting 

of cancer, EMT is associated with tumor progression and metastasis for several 

malignancies, including prostate cancer (151, 152, 154-156).  HHV-8 has been shown to 

induce a mesenchymal phenotype in endothelial cells (149, 150), leading us to ask 
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whether a similar shift in phenotype underlies the androgen-independent proliferation 

observed in LNCaPv219.  We isolated RNA from LNCaP and LNCaPv219 cells cultured 

in androgen-deprived, CSFBS-supplemented media, and used qRT-PCR to compare the 

mRNA expression levels of several known EMT markers, including the epithelial 

marker, E-cadherin, mesenchymal markers, N-cadherin and vimentin, as well as 

transcription factors responsible for driving the mesenchymal phenotype, Snail and Zeb1 

(Figure 13 Panel A).  We also measured in LNCaP-CSFBS and LNCaPv219-CSFBS 

cells E-cadherin and N-cadherin protein expression by Western blot (Figure 13 Panel 

C).  Our data show that in androgen-deprived conditions, LNCaPv219 cells, compared to 

uninfected LNCaP, have decreased expression of E-cadherin and increased N-cadherin 

expression at both the level of mRNA and protein expression (Figure 13 Panels A and 

C), a phenomenon commonly referred to as “cadherin switching” that characterizes EMT 

(151).  The loss of E-cadherin expression in tumors has been correlated with increased 

invasiveness and metastatic potential (170).  Additionally, LNCaPv219 cells have 

increased mRNA levels of vimentin, another marker of EMT, and increased expression of 

the transcription factors Snail and Zeb1.  We also found that rKSHV.219 infection 

induces a pro-mesenchymal phenotype in the RWPE2 cell line as well, indicating that 

HHV-8-induced EMT is not limited to a single prostatic cell line (Figure 13 Panels B 

and C).  These results show that HHV-8 infection of prostate cancer cells results in 

adoption of a pro-mesenchymal phenotype, a well-established pathological feature of 

aggressive and castration-resistant prostate cancers (154-156).   
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Figure 13. rKSHV.219-infected LNCaP cells have increased expression of EMT 

markers. Graphic representation of the fold change in mRNA expression levels 

measured by qRT-PCR of the epithelial marker, E-cadherin, EMT markers N-cadherin 

and vimentin and transcriptional promoters of EMT, Zeb1 and Snail in LNCaP-CSFBS 

(gray bars) and LNCaPv219-CSFBS (black bars) cells (Panel A) and RWPE2 (gray bars) 

and RWPE2v219 (black bars) cells (Panel B). *, P < 0.05; **, P < 0.001; ***, P < 

0.0001. Panel C: Whole cell lysates were collected from LNCaP and LNCaPv219 cells 

(left) cultured in CSFBS-supplemented media and from RWPE2 and RWPE2v219 cells 

(right) and were used in Western blot analysis to assess expression of E-cadherin and N-

cadherin.  GAPDH was used as a loading control.  
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Discussion 
 

In previous work, we demonstrated that LNCaP cells chronically infected with 

HHV-8 have enhanced growth in androgen-deprived conditions.  We hypothesized that 

the expression of viral proteins would result in activation of cell signaling pathways and 

transcription factors that would subsequently induce AR expression and maintain 

constitutive activation of the AR-signaling pathway, thereby enabling androgen-

independent cell proliferation. However, we found that whereas HHV-8 infection caused 

activation of pathways known to drive prostate cancer progression, notably the MAPK 

ERK1/2 signaling cascade, the androgen-independent phenotype observed in 

LNCaPv219 cells was occurring independently of the AR-signaling pathway, as analysis 

of mRNA and protein levels in LNCaPv219 cells revealed decreased expression of both 

AR and PSA, an AR-regulated gene (Chapter 2 Figure 8).  While it is understood that 

AR signaling drives prostatic cellular differentiation, growth and proper organ function 

(rev in 8, 9), it is also known that AR signaling contributes to prostate carcinogenesis, 

and it has generally been believed that in the setting of androgen deprivation sustained 

AR signaling and transcriptional activity are responsible for the development of 

androgen-independent prostate cancer.  However, some tumors that develop androgen-

independence dispense with the AR pathway for other signaling pathways that can drive 

prostate cancer progression.  In support of this notion, clinical trials using the latest AR-

inhibiting drugs show that a number of patients have little to no response to treatment 

(171-173), which suggests that these patients have tumors that acquired androgen-

independence by mechanisms other than constitutive AR signaling.  These findings are 

corroborated by autopsy studies that have shown that advanced, androgen-independent 
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tumors are composed of diverse cell populations, where some cells over-express AR 

while others have no detectable AR expression (174, 175).  Additionally, the loss of 

expression of two other prostatic proteins, PSA and MSMB, occurs frequently in high-

grade, advanced cancers (146, 162, 176-178), which suggests that prostate cancer cells do 

undergo dedifferentiation in some cases. 

In androgen-sensitive prostate cancer cell lines, it was recently shown that the 

TMPRSS2-ERG gene fusion promotes prostate cancer progression by disrupting AR 

signaling and promoting cellular dedifferentiation through activation of the H3K27 

methyltransferase, EZH2 (135).   In embryonic stem cells the H3K27me3 mark silences 

the expression of genes required for cellular differentiation (137, 138), and results from 

gene expression profiling of prostate cancer specimens have demonstrated that EZH2 

expression is significantly up-regulated in metastatic prostate cancer compared to 

localized tumors and benign tissue (139), which results in a stem cell-like transcriptional 

program that is predictive of poor outcome (140).  Coincidentally, during viral latency 

EZH2 and H3K27me3 co-exist along the HHV-8 genome and maintain latency by 

epigenetically repressing viral genes involved in lytic reactivation. This led us to 

speculate that latent HHV-8 infection and EZH2-mediated epigenetic modifications could 

affect the host genome as well and cause a profound transcriptional reprogramming of the 

host cell, mirroring what occurs at the transcriptional level during prostate cancer 

progression and the development of metastatic, androgen-independent disease.  In 

support of this hypothesis, we found that LNCaPv219 cells, compared to uninfected 

LNCaP cells, have increased expression not only of EZH2 but also SUZ12, a second 

Polycomb group protein that is necessary for EZH2 methyltransferase activity (157).  
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Furthermore, we detected increased levels of H3K27me3 in LNCaPv219 cells, which is 

indicative of EZH2-mediated histone methylation and transcriptional repression of target 

genes (Figure 10 Panel A).  In addition to promoting a stem-cell like expression profile 

(140), EZH2 methylation of histone proteins has been shown to epigenetically silence the 

transcription of two prostate-growth regulating proteins, MSMB and DAB2IP (141-143).  

By qRT-PCR we show that in LNCaPv219 cells both MSMB and DAB2IP expression is 

sharply down-regulated (Figure 10 Panel B), a finding that shows that a virus-induced 

increase in EZH2 activity and increased deposition of the H3K27me3 mark may be 

occurring on both the viral and host genomes and consequently altering the transcriptome 

of LNCaPv219 cells.  Our attempts to relieve transcriptional repression of MSMB and 

DAB2IP by inducing viral reactivation revealed that chemical induction of viral 

reactivation resulted in decreased expression of both EZH2 and SUZ12, two critical 

components of the histone methylation complex.  Paradoxically, our results showed 

increased levels of H3K27me3, which we found by qRT-PCR resulted in further 

transcriptional repression of MSMB and DAB2IP.  Although we expected, as others have 

shown, that NaB treatment and viral reactivation would decrease the levels of 

H3K27me3, more detailed experimental approaches are clearly needed to analyze the 

histone modifications associated with both the viral and cellular genome during viral 

latency and reactivation.  It is interesting to speculate, however, that during viral 

reactivation distinct chromatin modification programs exist between the viral and host 

genomes that concurrently allow the expression of the necessary viral lytic genes and that 

maintain repression of certain cellular genes, for instance MSMB and DAB2IP.   
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Our finding that MSMB is down-regulated in LNCaPv219 cells is a significant 

finding in the context of prostate cancer progression.  Along with PSA, MSMB is one of 

the most common seminal proteins produced by the prostate gland (2, 158), and several 

tumor-suppressor functions have been identified for MSMB.  For example, MSMB limits 

prostate cancer cell growth by modulation of apoptotic pathways (161), inhibits 

neoangiogenesis by blocking vascular endothelial growth factor signaling (179) and 

impairs the development of prostate cancer bone metastases by decreasing tumor 

expression of PTHrP (168, 169).  The biological functions thus far identified for MSMB 

are consistent with reports demonstrating that intraprostatic MSMB expression and 

MSMB serum levels are reduced in men with prostate cancer compared to controls, and 

protein expression and serum values continues to decline progressively as prostate cancer 

evolves from localized, androgen-sensitive tumors to aggressive, invasive and castration-

resistant disease (162, 180).  Dahlman et al. recently showed that patients with tumors 

that maintain MSMB expression have an overall better prognosis and their tumors are 

associated with numerous positive clinicopathological parameters, including lower 

Gleason scores and lower stage disease (146).   

Since MSMB plays a critical role in regulating prostate cell proliferation, we 

hypothesized that one mechanism whereby LNCaPv219 cells are able to proliferate in 

androgen-deprived conditions is by down-regulation of MSMB.  We tested this idea by 

over-expressing MSMB in LNCaPv219 cells guided by the hypothesis that re-expressing 

MSMB would impair androgen-independent proliferation.  Using LNCaPv219-MSMB-

expressing cells, we performed cell proliferation assays to test whether MSMB 

expression plays a role in the androgen-independent phenotype observed in LNCaPv219.  
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Our data show that ectopic MSMB expression significantly limited the proliferative 

ability of LNCaPv219 (Figure 12 Panel D) to a level comparable with uninfected 

LNCaP.  Our results therefore provide good evidence that viral-induced inhibition of 

MSMB expression contributes to androgen-independent proliferation.  Additionally, we 

demonstrate an inverse relationship in regards to MSMB expression and PTHrP 

expression.  LNCaPv219 cells, which have dramatically decreased MSMB expression, 

and have increased PTHrP expression (Figure 12 Panels F and G); however, in the 

LNCaPv219-MSMB-expressing cell line, we show that re-establishing MSMB 

expression strongly inhibited PTHrP expression, a finding in agreement with a previous 

report (168).  PTHrP is a known growth factor for prostate cancer cell lines and is a 

critical molecule for the development of skeletal metastases (163-167).  The increased 

expression of PTHrP, due to down-regulation of MSMB, raises the possibility that PTHrP 

is an important contributor to the enhanced androgen-independent growth of LNCaPv219 

cells.  Future studies using neutralizing antibodies to PTHrP will help define the role 

PTHrP has in LNCaPv219 androgen-independent proliferation.  An interesting question 

that should be explored is whether PTHrP has any role in HHV-8 pathology in general, 

and whether this peptide contributes to the disease processes of other known HHV-8-

related malignancies.    

DAB2IP, like MSMB, has several tumor-suppressor functions.  DAB2IP has been 

shown to suppress the Ras-signaling pathway and to inhibit NF-κB transcriptional 

activity, two regulatory functions that have been shown to limit prostate cancer growth 

(143, 145).  Using a mouse prostate cancer model, Min and colleagues showed that the 

loss of DAB2IP enabled tumor proliferation and metastatic spread, and, by examining 
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DAB2IP expression in human prostate cancer specimens, they found an inverse 

relationship between DAB2IP expression and tumor grade and that low DAB2IP 

expression was predictive of disease progression and poor prognosis (143).  Additionally, 

the loss of DAB2IP in prostate cancer has been shown to result in EMT (143, 181).  In 

recent years, the correlation between EMT and the development of aggressive 

malignancies has begun to be appreciated.  During EMT, the loss of normal cellular 

polarity and the deconstruction of cell-cell adhesions collectively impart to tumor cells 

invasive and metastatic phenotypes (151, 152).  Two recent publications have 

demonstrated that HHV-8 induces the adoption of mesenchymal properties in endothelial 

cells (149, 150), and, consistent with these reports, we show that HHV-8 induces EMT in 

prostate cells, which we propose to play a significant role in imparting the androgen-

independent phenotype we have observed in rKSHV.219-infected LNCaP cells.   

Our results provide several lines of evidence to support the hypothesis that HHV-

8-induced EMT is contributing to the androgen-independent phenotype in LNCaPv219 

cells.  We found that LNCaPv219-CSFBS cells have decreased expression of E-cadherin 

and increased N-cadherin expression as well as increased expression of EMT-promoting 

transcription factors, such as Zeb1 and Snail (Figure 13 Panel A).  Cadherin switching is 

a classic characteristic of EMT and is of considerable importance in terms of cancer 

phenotype.  E-cadherin is an important tumor-suppressing protein, and the loss of E-

cadherin expression contributes to invasiveness and metastatic potential (151, 170).  

Clinical studies evaluating E-cadherin/N-cadherin expression in prostate cancer 

specimens have found that high N-cadherin expression is found in high grade, poorly 

differentiated tumors (155, 156) and, additionally, patients with tumors with low E-
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cadherin expression and high N-cadherin expression had increased rates of disease 

recurrence, skeletal metastases and death from prostate cancer (154).  Tanaka and 

colleagues in a recent publication found that compared to androgen-dependent 

xenografts, androgen-independent xenografts have increased expression of N-cadherin, 

and ectopic expression of N-cadherin in LNCaP cells resulted in increased invasiveness 

(182).  Furthermore, the authors observed that N-cadherin-expressing LNCaP cells had 

enhanced in vitro androgen-independent cell proliferation and decreased AR expression, 

suggesting that N-cadherin-induced androgen independence is mechanistically 

independent of the AR signaling pathway (182).  These findings are in line with what we 

have observed in LNCaPv219 cells and suggest that the enhanced androgen-independent 

phenotype induced by HHV-8 occurs concurrently with the virus promoting a pro-

mesenchymal phenotype. 

The central role that EZH2-mediated epigenetic modifications have in prostate 

cancer progression cannot be understated, and we contend that the androgen-independent 

and pro-mesenchymal phenotype promoted by HHV-8 infection is directly the result of 

the virus using EZH2 to maintain latency, which has profound consequences on the 

phenotype of the infected cells.  HHV-8 infection results in the epigenetic repression of 

both MSMB and DAB2IP, two critical growth-regulating proteins, and the development 

of a pro-mesenchymal phenotype, evidenced by increased expression of N-cadherin and 

down-regulated E-cadherin expression.  Like other malignancies, prostate cancer 

progression occurs concomitantly with the gradual loss of expression of genes that 

regulate numerous functions, including cellular proliferation, cell-cell adhesion, 

intracellular signaling and cellular differentiation.  We believe that HHV-8-infected 
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LNCaP cells provide a platform to study these changes and can provide new insights into 

the mechanisms that underlie prostate cancer progression and the development of an 

androgen-independent phenotype.  
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Chapter 5 

Discussion 

Excluding skin cancers, prostate cancer is the most common malignancy 

diagnosed in American and Western European men.  A heterogeneous disease, prostate 

cancer is associated with a wide spectrum of clinical outcomes ranging from indolent, 

slow growing tumors, which are successfully treated with primary interventions, to 

tumors that are aggressive, metastasize and can result in the death of the patient.  Despite 

significant improvements in detecting and treating localized prostate cancer, challenges 

still remain, including the lack of means to delineate low-risk, indolent tumors from 

potentially aggressive malignancies and the need for effective therapies for metastatic 

disease and AIPC, all of which requires a better understanding of the cellular and genetic 

mechanisms that enable disease progression and the development of androgen-

independence.   

In this study, we established androgen-sensitive LNCaP cells that are persistently 

infected with HHV-8 in order to examine the effect of chronic infection on prostate 

cancer phenotype.  We predicted that HHV-8, which encodes several oncogenic proteins 

that cause persistent activation of cell signaling pathways, could induce constitutive 

activation of the AR signaling pathway and thereby promote an androgen-independent 

phenotype.  While we found that HHV-8-infected LNCaP cells compared to uninfected 

cells have enhanced cell proliferation in androgen-deprived conditions, this phenotype 

occurred independently of the AR signaling pathway, as AR and PSA expression was 

down-regulated in LNCaPv219 cells cultured in androgen-deprived conditions.  This 
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finding prompted us to uncover how HHV-8 infection supports cellular proliferation of 

the LNCaP cell line in androgen-deprived conditions and whether the mechanisms are 

analogous to those associated with the development of androgen-independence in 

prostate cancer patients.  Figure 14 is a proposed model for how we believe HHV-8 

promotes an androgen-androgen independent phenotype in the LNCaP cell line.  Instead 

of inducing constitutive AR activation to promote androgen-independent proliferation, 

HHV-8 infection of LNCaP cells results in attenuation of AR transcriptional activity and 

induces a profound alteration of the cellular transcriptional program, which we contend 

occurs as a consequence of the virus using the histone methyltransferase EZH2 to 

epigenetically repress lytic gene expression in order to maintain a latent infection.  Viral 

activation of this repressive complex has significant implications in the context of 

prostate cancer cell biology.  Compared to localized prostate cancer, EZH2 expression is 

significantly up-regulated in metastatic specimens (139), and the stem cell-like gene 

expression signature induced by EZH2 epigenetic modifications is predictive of clinical 

outcome (140).  EZH2 has been shown to epigenetically silence expression of two 

prostate tumor-suppressing proteins, MSMB (141) and DAB2IP (142), a phenomenon 

replicated in LNCaPv219 cells and that we show contributes, at least in the case of 

MSMB, to the androgen-independent phenotype of the cell line.  Another line of 

evidence that supports the notion that HHV-8 is causing LNCaP dedifferentiation is the 

increased expression of mesenchymal markers in LNCaPv219 cells.  We show that HHV-

8 infection results in decreased expression of the epithelial marker, E-cadherin, and 

increased expression of N-cadherin and vimentin, a finding that implies that LNCaPv219 

cells undergo EMT.  EMT has garnered much attention as a contributor to cancer  
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Figure 14. Proposed model for how HHV-8 induces an androgen-independent 

phenotype in the LNCaP cell line.  Panel A:  In uninfected LNCaP cells, cellular 

proliferation remains dependent on the availability of androgens.  The expression of 

prostate-differentiating genes, such as AR and AR-regulated genes (e.g. PSA), is 

maintained, as is the expression of genes such as DAB2IP and MSMB, which play 

important roles in regulating cell proliferation.  Panel B:  Upon HHV-8 infection, the 

virus induces activation of the histone methyltransferase, EZH2, in order to establish a 

latent infection.  This results in increased levels of the repressive H3K27me3 mark, 

which causes transcriptional silencing and decreased expression of DAB2IP and MSMB.  

The loss of DAB2IP and MSMB expression results in EMT and enhanced cell 

proliferation.  Additionally, we found that HHV-8 infection attenuates (by an as of now 

undetermined mechanism) AR transcriptional function, which we propose enables 

dedifferentiation of the cell line.  Collectively, these virus-mediated events facilitate 

androgen-independent cellular proliferation.  
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progression and the development of metastatic disease.  Numerous reports have shown 

that prostate cancer cells that undergo EMT become more invasive and adopt an 

androgen-independent phenotype (143, 154-156, 181, 182).  Additionally, and in 

agreement with our findings, the development of a pro-mesenchymal phenotype results in 

decreased AR expression, reflecting the loss of expression of prostatic differentiation 

markers. 

Limitations and Future Directions.  Based on our data, we conclude that HHV-

8 infection promotes an androgen-independent phenotype by inducing host epigenetic 

modifications and alterations to the cellular transcriptional program that together drive 

prostate cellular dedifferentiation, evidenced by decreased expression of AR, PSA and 

MSMB and increased expression of markers of EMT.  The most obvious critique of this 

work pertains to the virus itself.  While we believe that HHV-8 infection of LNCaP cells 

could be a useful tool to study prostate cancer progression, whether or not the virus is a 

common enough infection of the prostate to be an actual risk factor for prostate cancer 

progression remains to be determined.  Nonetheless, a number of pathogens are capable 

of infecting the prostate, and prostatic infection is a fairly common event (rev in 99).  

Arguably one of the most important aspects of this work is that if chronic HHV-8 

infection can deleteriously affect the tumor phenotype, then other infectious agents could 

very likely do the same.  Our findings warrant new research initiatives that address the 

idea of chronic infection contributing to prostate cancer progression.   

As for this project specifically, several questions remain that must be addressed in 

future experiments.  First, although we demonstrate that LNCaPv219 cells have enhanced 

androgen-independent proliferative ability, our findings are limited to a degree as all 
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experiments were in vitro, and stronger evidence that HHV-8 promotes an androgen-

independent phenotype would come from the incorporation of animal studies.  Several 

mouse models for prostate cancer exist (rev in 183), but all are limited by the inability to 

reliably model metastasis to bone.  This consequently limits the ability to study the 

factors required for skeletal metastases, which is a significant source of morbidity for 

advanced prostate cancer.  We have found that LNCaPv219 cells possess several features 

that have been shown to contribute to metastatic disease, such as increased PTHrP 

expression, EZH2-mediated epigenetic regulation and a pro-mesenchymal phenotype, 

and it would be of great interest to see whether castrated mice with LNCaPv219 

xenografts would develop metastatic disease.   

Our data show that the androgen-independent phenotype induced by HHV-8 

infection occurs as a result of the virus attenuating AR signaling and by activating EZH2-

mediated epigenetic modifications that drive dedifferentiation of the cell line, which 

mechanistically mirrors what has been shown for TMPRSS2-ERG.  Admittedly it is 

intriguing to speculate that HHV-8 mimics TMPRSS2-ERG and induces androgen-

independent cell growth by causing EZH2-mediated cellular dedifferentiation.  However, 

whereas Yu and colleagues demonstrated with chromatin immunoprecipitation and 

sequencing assays that ERG physically binds to the AR and abrogates transcription of 

AR-dependent genes (135), the relationship between HHV-8 infection and AR function 

needs to be determined.  In both normal and androgen-deprived conditions we found that 

LNCaPv219 cells, compared to uninfected LNCaP cells, had decreased expression of 

PSA, which suggests that HHV-8 infection impairs AR transcriptional function.  How 

and to what degree the virus interferes with AR signaling should be addressed in future 
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studies as well.  Since the establishment and maintenance of viral latency is EZH2-

mediated, the full impact of viral-induced epigenetic modifications on the host 

transcriptional profile should also be determined.  In addition to MSMB, DAB2IP and E-

cadherin, the expression of other genes is certainly going to be affected by the virus 

promoting EZH2 histone methylation events, as demonstrated by this work.  In metastatic 

prostate cancer samples, ChIP-on-chip analysis has been used to identify the location of 

H3K27me3 marks across the entire genome, which enabled the identification of a panel 

of genes silenced by EZH2 epigenetic repression that both characterized metastatic 

tumors and resembled a stem cell-like expression pattern (140).  A similar approach 

should be taken using LNCaPv219 cells to see how HHV-8 infection impacts the host 

transcriptional profile in regards to prostate-specific differentiation expression patterns.   

Lastly, it will be important to determine how individual HHV-8-endoded proteins 

affect prostate cancer cell biology and the contributions each make in promoting an 

androgen-independent phenotype.  The pathogenic mechanisms of the latently expressed 

viral proteins, LANA, vCyclin, vFLIP, miRNAs and Kaposins, have been elucidated in 

regards to HHV-8-related malignancies, but how these proteins influence and/or 

modulate AR signaling, for example, needs to be determined.  Studies currently 

underway in our laboratory are addressing the role HHV-8 viral miRNAs have in latency 

and regulation of histone demethylases, and hopefully this work will reveal in further 

detail how HHV-8 modulates cellular histone modifications and the cellular 

transcriptional profile.   
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Implications for the HHV-8 Field.  Establishing prostate cancer cell lines that 

are persistently infected with HHV-8 was intended to examine how chronic infection 

affects tumor cell phenotype, but in conducting our experiments this system also revealed 

new and interesting insights into HHV-8 biology that demand further study.  To show 

that the establishment of viral latency, which requires EZH2-mediated epigenetic 

silencing of lytic genes, is the mechanism by which the virus also represses both MSMB 

and DAB2IP expression, we pharmacologically induced the viral lytic cycle by treating 

LNCaPv219 cells with NaB.  We reasoned that NaB treatment, which has been shown to 

relieve the repressive H3K27me3, would concurrently enable the expression of viral lytic 

genes and re-establish MSMB and DAB2IP expression.  This seemingly straightforward 

experiment revealed two very interesting phenomena.  First, the ability of NaB to 

reactivate HHV-8 and induce the lytic cycle appears to be dependent on an unknown 

factor(s) that is present in FBS-supplemented media but has been removed during the 

process of charcoal-stripping FBS.  One intriguing possibility for this discrepancy is that 

viral reactivation requires the availability of steroid hormones.  As opposed to histone 

methylation, which represses gene expression, histone acetylation is associated with 

active transcription of genes.  Chen and co-workers showed that steroid hormone 

signaling and expression of hormonally-regulated genes requires ligand-bound hormone 

receptors to complex with histone acetylases, which acetylate histones located at gene 

promoter regions and enable hormone receptors to access and transcribe target genes 

(184).  It has been observed that chromatin remodeling, specifically histone acetylation of 

the RTA promoter is required for the induction of viral reactivation (147, 148, 185, 186).  

Interestingly, within the transcriptional activation domain of RTA is an LXXLL motif 
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that is also utilized by and exposed on hormone receptors following ligand binding, 

which enables receptor-coactivator interactions and transcription of steroid hormone 

target genes (184, 185).  Thus, it seems reasonable to hypothesize that ligand-bound 

hormone receptors facilitate the recruitment of and/or chaperone histone acetylases to the 

RTA promoter and enable RTA transcription and viral reactivation.  This scenario could 

be an explanation as to why we observe diminished viral reactivation in HHV-8 infected 

cell lines cultured in CSFBS-supplemented media.  With the removal of steroid hormones 

in CSFSB media, ligand is not available for the receptor and consequently hormone 

receptor-coactivator complexes cannot form and thus cannot efficiently activate RTA 

transcription.  In this context, a requirement for specific steroid hormones for viral 

reactivation could help explain the striking 10:1 disparity in KS incidence classically 

observed between men and women.   

The second interesting finding from the virus reactivation experiments also 

involves chromatin remodeling.  Toth and colleagues showed that histone demethylases 

decreased levels of the repressive H3K27me3 mark, which enables RTA expression and 

viral reactivation (147).  Günther et al. found that NaB treatment decreases H3K27me3 

levels at the RTA promoter (148), so we reasoned that treating LNCaPv219 cells with 

NaB, in addition to inducing viral reactivation, would potentially result in increased 

expression of MSMB and DAB2IP, which are silenced by EZH2-mediated histone 

methylation.  We achieved viral reactivation and observed diminished expression of the 

histone methyltransferases EZH2 and SUZ12 following NaB treatment.  Paradoxically, 

we found that global H3K27me3 protein levels increase, and by qRT-PCR we found that 

this resulted in further decreases in MSMB and DAB2IP expression.  Beyond these 
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observations, the employment of more sophisticated assays will enable a comprehensive 

analysis and more precise identification of the histone modifications induced by viral 

reactivation along both the viral and cellular genomes.  To clarify this issue, more 

detailed studies should attempt to map activating and repressive histone modifications for 

both the HHV-8 and host genomes during latency and during viral reactivation.  During 

viral reactivation, it appears that the virus is able to direct chromatin remodeling to 

ensure that lytic genes are transcribed and that repression of certain cellular genes 

continues.  The identification of such genes whose expression is further repressed during 

viral reactivation could reveal insights into HHV-8 pathogenesis and reveal potential 

avenues for pharmacological intervention.   

Finally, from the perspective of viral evolution, this work has brought into focus 

the common biological themes shared by the pathogenic mechanisms of HHV-8 and the 

pathological consequences in prostate cancer oncogenesis and progression, especially 

those associated with the TMPRSS2-ERG gene fusion and ERG over-expression.  Table 2 

summarizes some of these similarities.  As noted in the introduction, over-expression of 

ERG is observed in tumor cells of a majority of prostate cancer patients, and this has been 

shown to be caused by the fusion of the TMPRSS2 promoter to the coding sequence of 

ERG (27, 28).  A member of the ETS gene family, ERG encodes a transcription factor 

that is expressed in endothelial and hematopoietic cells and is required for driving and 

sustaining endothelial and lymphatic cellular differentiation (187-190).  As Sreenath et 

al. note in their review of the biological significance of ERG expression in prostate 

cancer pathology, the ERG protein is not normally expressed in any epithelial tissue, but 

its expression in such tissues results in activation of the MAPK pathways and cellular  
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Table 2. Summary of similarities between ERG and HHV-8 

  

ERG HHV-8
Transcription factor – expressed exclusively in 
endothelial, lymphatic, hematopoietic 
tissues.187-190

Herpesvirus – etiological agent for Kaposi’s 
sarcoma (KS), tumor of endothelial and 
lymphatic origin101

ERG expression critical for lineage specific 
differentiation of endothelial cells, 
angiogenesis and expression of endothelial 
markers187-190

KS lesions composed of “spindle cells,” 
express endothelial and lymphatic markers; 
virus induces expression of numerous pro-
angiogenic proteins130

TMPRSS2-ERG gene fusion most prevalent
genetic mutation in prostate cancer27,28 -
transforms epithelial cells in part by activating 
MAP kinases191,192

Virus-encoded proteins activate numerous host 
cell signaling pathways critical to KS 
development130

Oncogenic fusion induces NF-κB activation 
and inflammation through TLR4 signaling199

HHV-8 strong inducer of inflammation; 
activation of  NF-κB critical in KS 
pathology111-113

TMPRSS2-ERG mediates epigenetic regulation 
through EZH2140

Viral latency maintained by EZH2147,148

TMPRSS2-ERG induces epithelial-
mesenchymal transition196-198

Induces epithelial-mesenchymal 
transition149,150
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transformation (187, 191-193).  In prostate cancer, ERG expression causes prostate 

epithelial dedifferentiation and the loss of expression of prostate-defining genes, such as 

PSA (194, 195).  This ERG-induced epithelial dedifferentiation occurs as the result of 

ERG activating EZH2-mediated epigenetic modifications (140).  Lastly, ERG has been 

shown to promote EMT and to up-regulate transcription factors that drive EMT, 

including Zeb1/2 and Snail1/2 (196-198).  The mechanisms by which ERG promotes the 

development and progression of prostate cancer concern many of the same themes that 

this project has identified as mechanisms by which HHV-8 promotes an androgen-

independent phenotype.  Classic Kaposi’s sarcoma and prostate cancer, although 

seemingly unrelated maladies that affect aging males, are perhaps more similar than one 

may initially suspect.  An interesting feature of this thesis project, in our opinion, is how 

cross-disciplinary research and the merger of two different scientific disciplines have the 

potential to reveal new insights and contribute to our understanding of both fields. 
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